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The Nearby Supernova Factory will lay the foundation fortkegt generation of experiments
to measure the expansion history of the Universe. It wilto®r and obtain lightcurve
spectrophotometry for 300 Type la supernovae in the low-redshift end of the smooth Hubb
flow. The search capabilities and the follow-up instrumgoteare described in this proposal;
they include wide-field CCD imagers on two 1.2-m telescopas, an integral-field-unit optical
spectrograph on a 2.2-m telescope. The dataset will sertreegsemier source of calibration of
the SN la width-brightness relation and the intrinsic SNdbts used for correction of extinction
by dust. This dataset will also allow an extensive searcladalitional parameters which influence
the quality of SNe la as cosmological probes. The lowesti&dSNe la from this program can
be used to measure galaxy peculiar velocities and theratstrains?,, .



Overview

The Nearby Supernova Factory (SNfactory) is a project toadisr and obtain detailed lightcurve
and spectral observations for over 300 nearby supernovaggdihe period 2003—2007. This
project has been initiated by scientist at Lawrence Beykilgtional Lab (LBNL) in the United
States; IN2P3 and Centre de recherche en Astronomie de hynance; Stockholm University in
Sweden; and Centro Multidisciplinar de Astrofisica at th&titato Superior Tecnico in Portugal.
The SNfactory will concentrate on Type la supernovae (SNeth& type which have recently
been used to determine that the expansion of the universeedesating (see Fig. 1.). Type Il
supernovae (SNe Il) will also be developed as more reliaiskaice indicators. Several aspects of
the SNfactory set it apart from other supernova projectgseffiost among these is that supernovae
will be discovered using a blind wide-area CCD-based syrether nearby supernova projects
target known galaxies but there is now evidence that thiscgmth misses an important subset
of supernovae. In addition, the SNfactory will coordinaigcdvery and follow-up observations,
eliminating the delays and spotty early lightcurve coveradpich typically results from follow-up
of supernovae listed in the IAU Circulars. It is expected thigh the SNfactory detailed follow-up
of supernova candidates can begin within as little as 12 htkeodiscovery observations.
Finally, SNfactory follow-up observations will use an igtal field unit spectrograph, data from
which can be used to construct both detailed flux-calibrafeettra and broadband images.
The regular photometric spectral time series for nearbgswqvae the SNfactory will generate
will revolutionize the study of supernovae. This datasdt also eliminate several limitations
(bandpass mismatch, wavelength-dependent slit losse¥, adtall other currently available
instrumentation used to study supernovae.

The primary goal of the SNfactory will be to determine thoseperties of SNe la affecting
their use for cosmology. The most critical of these will be #earch for deviations or extra
parameters not accounted for by the lightcurve width — kinghs relations currently used to
standardize SNe la for use as cosmological distance imtgalf such deviations are found, it is
expected that exclusion criteria or improved standaraimahethods based on lightcurve shapes
and/or spectral features will be found to ameliorate theatfbf deviant SNe la on measurements
of the cosmological parameters.
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The SNfactory will search for supernovae using CCD imageaioned by JPL's Near Earth
Asteroid Team (NEAT). NEAT setup includes two 1.2-m telgsgoone at the 10,000 ft summit
of Haleakala, Hawaii) working 18 nights per month and theeothperating at Mt. Palomar with
a larger CCD camera. We expect to discover several supezmmranight. NEAT data will be
transferred in near realtime via high-speed Internet comme to Lawrence Berkeley Nation
Lab (LBNL. Once there, the images will be processed and Bedrasing automated software.
Candidate supernovae will be screened interactively asgjed a preliminary follow-up
priority. An important aspect of the SNfactory is that théeston of supernova candidates
will be quantitative and traceable, something currentays\completely lack and which makes
calculations of supernova rates and peculiarity fractexteemely difficult.

The most revolutionary aspect of the SNfactory — aside frammhuge numbers of
supernovae it will find — is the coordinated follow-up usimgtrumention tailored to the study
of supernovae. Candidate supernovae found in the NEAT imagsst first be screened with
spectroscopy to confirm the supernovae and reveal its tgpdl(llb, Ic) and redshift. The
SNfactory will not only discover supernovae closer to esma that other surveys do, with a 12
hr turn-around it will also begin the follow-up much much sea Typically candidate supernovae
are confirmed with imaging on subsequent nights, then regddd the 1AU Circulars, and
then observed spectroscopically with regular — but infesdgly — scheduled time or director’s
discretionary time (requiring a proposal for each supearevd the availability of the right
instrumentation). This process can easily stretch on foeaekwor more after discovery. The
SNfactory plans to have at least two telescopes with optinsalumentation available every night,
waiting to be fed by the stream of supernova candidates g@pfrom the two NEAT sites.

Traditionally supernovae have been followed wigly RI photometry, and spectra beyond
the initial confirmation spectrum are rare. The SNfactorl} @ange all that. Using a integral
field unit on a two-channel (blue & red) optical spectrogratiie SNfactory’'sSupeiNova
I ntegralField Sspectrograph§NIFS; under construction in France) equipped with LBNL's
red-enhanced CCD’s, will allow spectroscopy of supern@atasl epochs. Because these spectra
will be spectrophotometrid/ BV RI1Z photometry can be synthesized from these spectra,
without the uncertainties due to photometric color termd drcorrections (the latter usually
based on non-spectrophotometric spect&)IFS will retain one advantage of the traditional
approach, which allows surrounding field stars to be usefldgrscaling when conditions are
non-photometric, by also having an imager which integratethe field immediately surrounding
each supernova and having the exact same exposure as tralifiedd unit.



Chapter 1

Science goals

1. Probing Dark Energy with Supernovae

A coherent view of the universe is emerging in which a mystesiform of “dark energy”
accounts for about 2/3 of the total energy density in the exsi@. Direct evidence for this radical
conclusion comes from distance measurements of Type larsoyse (SNe la; see Fid) which
indicate the expansion of the Universe is not slowing dowwaisld be expected in a Universe
filled with only matter and radiatioi ) \ Further
support for this result has come from recent measuremelite €MB indicating a flat universe,
combined with determinations 6f,; ~ 0.3 from structure formation.

The most natural candidate for this dark energy was the clogical constant, or vacuum
energy, which exhibits the required large negative presaith w = p/p = —1. However,
attempts to compute the energy of the quantum vacuum amouot’ttimes the observed density
(or 10'?° times, depending on the symmetry-breaking scale choseswy. pliysics is required to
cancel this contribution either exactly or partially. Ight of the incredible fine tuning problem
that a partial cancellation over 55 orders of magnitudeetss complete cancellation seems
to many theorists more likely — and a non-cosmological-tamisdark energy would then be
required at the small level observed. There are many othtenpal candidates for the dark
energy which include but are not limited to quintessenc®llag scalar field)

3 and the effects of extra macroscopic
dimensions ) Unfortunately, there is no current data that would help
narrow the field among the myriad theoretical alternatives.

SNe la remain the most mature cosmological distance iraticand therefore, offer the best
means of experimentally probing the properties of the dagtggynow. Their cosmological use
was developed in the early 1990’s by the Supernova Cosmdtogject (SCP), paving the way

9
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Fig. 1.—Cosmological constraints from Type la supernovaeHubble diagram (brightness vs. redshift)
and resulting constraints dm,; and2, from 42 high-redshift Type la supernovae from Perimudteal. 1998b. At
left, the 68%, 90%, and 99% confidence regions for an uncainst fit for(2,, andQ2, are shown. For a flat universe
only a cosmological constant or other form of dark energyegniain the data. Even without assuming a flat universe
a cosmological constant is hard to avoid for any reasondidiee of(2,,. At right, the Hubble diagram of the current
SCP dataset of Type la supernovae is shown. The low-re@édtla shown are most of those currently available that
are suitable for analysis using the same methods as usdtkfbigh-redshift SNe Ia.

for the discovery of dark energy ) )

) Now similar developmental efforts are needed so that thké areler of magnitude
improvement of the experimental constraints on the pragsedf dark energy can be made using
SNe la.

Progress must be made on two fronts, at a level which cannptisied with existing
programs alone: First a large numbemafarbySNe must be observed in an appropriate fashion
since they provide the fulcrum of the lever-arm needed toextsmological inferences from
high-redshift SNe observations. Furthermore, these Shlag® the critical empirical calibration
of the SN lightcurve brightness-width relation, as well asviding the intrinsic SN colors
needed to correct for dust extinction. At present half théisical uncertainty in the dark energy
measurements arises from the limited pool of low-redshfé Sve propose to increase this pool
to many hundreds of well-observed nearby SNe located inrtte®th Hubble flow.

Second, the physics of the SNe la must be pushed to a deepépfaynderstanding.
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Presently SNe la appear to be excellent standardized camiewe do not understand the details
of why this is so. The chief remaining loophole in the intetption of the SN Ila results is the
possibility of a conspiratorial evolutionary effect in tgplosions themselves. There is already
some empirical data that constrains such “conspiraciesg,a® we move to the next generation
of experiments much tighter constraints will be needed. {redshift supernova data provide
both the necessary empirical constraints, and the matcl@ager physical understanding of the
SNe la, and is therefore a necessary complement to the apbah-redshift work and future
projects like the Canada-France Legacy Survey, the Certf@el'Supernova Survey, the Large
Synoptic Survey Telescope (LSST) and the SuperNova/Ateda Probe (SNAP). This work to
constrain evolutionary effects requires that the low-hiftiSNe la be observed over their entire
lightcurves and across a wide range of environments (spgratellar age and metal content).

In recognition of the importance and urgency of this work,hage begun a new experiment
—the Nearby Supernova Facto§ifactory — designed to exploit the full potential of low-redshift
SN studies. Th&Nfactorywill concentrate on the discovery and follow-up-0800-500 SNe la;
an order of magnitude larger than currently available samgdt will also work to develop Type
Il supernovae (SNe II) as more reliable distance indicatBmsce the physics and measurement
methods applicable to SN la and SN Il are so different, thdlyserve as crucial cross-checks on
each other. The lowestSNe also will be used to measure galaxy peculiar velocitiesthereby
independently measute,, to better than 5%.

Our low-redshift SN observations will require especiallyht coordination between
experimentalists, theorists and phenomenologists. Ndislyovered SNe must be examined by
experts so that the rarest and most interesting SNe — thowd wample the space of physical
properties — are scheduled for the best follow-up obsewmati Access to phenomenologists
ensures that interesting trends or theoretical conceptbeaeveloped rapidly and fed back into
the observational program. The optical (and hopefully mefaared) observational database will
be an unparalleled resource for the entire astrophysicemority.

2. The Need for Improved Statistics at Low-Redshift

The recent measurements(of; and(2, by the Supernova Cosmology Project (SCP) using
42 high-redshift SNe la (see Fig excludes a simpl&,, = 1 flat universe, and presents strong
evidence for the existence of a dark ener@y ¢ 0). Through further ground-based and space-
based initiatives — such as the Hubble Space Telescope (Bi®he SuperNova/Acceleration
Probe ENAP — the SCP is working to confirm this exciting result with obhsgions of SNe la
at even higher redshift. (Indeed, the SCP now has prelimicanfirmation from an independent
sample of high-redshift SNe la observed with H&/T )) However,~ 50% of the
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statisticaluncertainty in the current result stems from the small nunolbéow-redshift SNe la
which are suitable to serve as the zero-point for the SNe labldudiagram. These SNe la
are apparent in Figl; one can see that the nearby SNe la are actually outnumbgrége b
high-redshift SNe la!

A number of groups are planning much larger, more comprevensxperiments using
high-redshift SNe la to probe the nature of dark energy. TaAeala-France Legacy Survey
expects to discover and follow-up 300 high-redshift (0.3 < z < 0.7) SNe la over five years
beginning in 2003. It is also expected that a search of sirsilge will be conducted at the
Cerro-Tololo Interamerican Observatory. Members of 8Nifactorycollaboration are involved
in these upcoming efforts, and it is our expectation thaseéhexperiments have the potential to
measure the effective time-averaged equation of state,p/p, of the dark energy, with a level
of precision that will begin to test whether dark energy ie tlusomething other than Einstein’s
cosmological constant (for which is = —1 independent of time). Further down the road the
SuperNova/Acceleration Probe will begin the hunt for tinagiations in the equation of state —
the next generation of tests for dark-energy that diffesefthe simple cosmological constant.
These experiments will rely very heavily on the existenca dataset such as the o8Blfactory
intends to provide, as we will now describe.

Anchoring the Low-Redshift Hubble Diagram

The luminosity distance to a Type la SN is given by:

dp(2) = 4 ;f - C(lfz ?) /O [QM(l + ) 4 QE”((ZI)] R (1.1)

for a spatially flat universe (assumed for simplicity of egpion only). HereL and f are

the intrinsic and observed SN fluxes, respectively, integraver all wavelengths),, is the
normalized mass-densit§sx is the normalized dark-energy density, ands the dark energy
eqguation of state, which may evolve with redshift. In thesoafsa cosmological constant,= —1.

Observations provide the redshiff,and a form off (generally the flux over the wavelengths
defined by the restframB-band filter). Thus, Eqgl.1can be recast in a form convenient from an
experimental viewpoint:

LHE z N3 w(z’) -1/2 / -

From a cosmological perspective, we are interested,in 2y andw(z), while the product
LH? is an unknown nuisance parameter which must be marginatizedin order to extract the
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Fig. 2.—The importance of low-redshift SNe la for near-future dark energy probes: The impact

of adding 300SNfactorySNe la to a representative sample of 300 high-redshift £ = < 0.7) SNe la, such as the
Canada-France Legacy Survey or the CTIO Supernova Sungyt mitain over the next 5 years is demonstrated. The
solid contour is the 68% projected confidence in fhe—w, plane from the high-redshift survey alone, while the
dashed contour is the 68% projected confidence whesMfactorySNe la are added. In this example the addition
of the SNfactorySNe la allows elimination of a cosmological constant model & —1). A flat universe has been
assumed, as has a prior @f,, = 0.04. When comparing to Fig. 3 note that here is set to zero and therefore
contributes no uncertainty; ib; were allowed to float the uncertainty iny would be much larger. Courtesy Eric
Linder, Ramon Miguel, and Dragan Huterer.

cosmological parameters. However, for 0 Eq. 1.2 simplifies to:

LH?

47 (cz)? (1.3)

f\ZNO ~
Thus, observations of nearby supernovae can significamilyave the determination of the
cosmological parameters by strongly constraining theamgis productl /2.

This result is dramatically illustrated in Fig.for the case of the Canada-France Legacy
Survey, which is expected to have a sample of 300 SNe laMith: z < 0.7. This survey will
attempt to rule out a cosmological constant by examining#se of a constant effective equation
of state,w(z) = constant = wy; for a cosmological constant the effective equation ofesisit
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Fig. 3.— The importance of low-redshift SNe la for next-generation @érk energy probes:
The impact of adding 308NfactorySNe la to a more ambitious high-redshift SNe la experimeoh @sSNAPis
demonstrated. The solid contour is the 68% projected camfeléromSNAPalone, while the dashed contour is the
68% projected confidence when tBalfactorySNe la are added. In this example the addition of3hdactorySNe la
allows elimination of a cosmological constant mode} (= —1, w; = 0). A flat universe has been assumed and a
prior of o, = 0.04 has been imposed. Courtesy Eric Linder, Ramon Miguel, ard@r Huterer.

wo = —1. In the example shown, for a nomina) = —0.8 the high-redshift SNe la still allow
wy = —1 at the 68% confidence level (solid contour). However, additf 300 SNe la from the
SNfactoryallows a clear rejection af, = —1 (dashed contour). This is the result of BRfactory
constraint onl. H2.

The SNfactoryis also essential for getting the best statistical resata SNAPmeasurement
of w(z). w(z) is often expressed to linear ordera&:) = wy + wyz. The solid contours of Fig3
show the 68% confidence region in tiag, w; plane for aSNARIlike dataset of 2000 SNe la with
0.3 < z < 1.7. In this exampleSNAPdoes not rule outvy = —1,w; = 0, that is, a cosmological
constant is still allowed. However, addition of tB&lfactorySNe la allows a clear rejection of a
cosmological constant and significantly improves the messant ofw,.

In the general case, typically ti@Nfactoryhalves the uncertainty im, by measuring. H?
to 1%. Thus, is it clear that th@Nfactoryis a necessity if the high-redshift supernova cosmology
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experiments are to realize their full potential.

Calibration of the Luminosity—Lightcurve Width Relation

The slopey, of the relation between SN la intrinsic luminosity and tigirve width (see
Fig. 4) has been determined from only a relatively small30) number of Hubble-flow SNe Ia.
Each of these SNe la has an intrinsic peak-brightness w@ncrof about 10% and measurement
errors which are comparable. Moreover, the lightcurve sdor these SNe la exhibit a nearly
Gaussian distribution around a typical value, so the lesanahich determines the slope contains
relatively few SNe la. As a resulty is determined to only about 25%
This doesn't effect individual SNe too greatly because nsdét are clustered around the typlcal
lightcurve width. However, for the future large high-reiftsBNe samples where the probative
value comes from averaging there exists the potentiatfaio become an important source of
statistical uncertainty since it is a correlated uncetyafior all the SNe.

Calibration of Intrinsic Colors for Dust Extinction Corréion

The standard method of correcting for extinction by dushia galaxies hosting Type la
SNe relies on the observed fact that dust scatters bluerfighe than red light. Thus, the colors
of extincted objects are redder than they would be withotibhetion. Observations of stars of
known color and brightness in the Galaxy, and the Large anallSvtagellenic clouds suggests
a fairly consistent relation between the amount of reddgaimd the amount of extinction. For
restframeB-band light the amount of dimming is roughlyk4he change in the flux ratio between
the B-band and thé -band.

Correction of SN brightnesses for dust extinction involsemparison of a measurement
of the color at maximum light of a new SN with maximum light oxd of SNe la which are
extinction-free (e.g., those in elliptical galaxies, whire mostly free of dust). The change in
color must be multiplied by the above factor of 4 to obtaingkgnction-corrected brightness.

The current uncertainty in the intrinsic (dust-free) celof SNe la is not negligible. Only
about 10% of all host galaxies are ellipticals, so the nunabexalibrating SNe la is small.
Moreover, few of those SNe la are in the smooth Hubble-flovenetihe effects between SN color
and brightness due to dust and intrinsic luminosity can parsg¢ed. As a result, the uncertainty
in the intrinsic SN la colors is one of the dominant uncettasin the current cosmology
measurements. Note that this is a correlated uncertaintheioalibration of the intrinsic colors of
all SNe la, so it does not average out as larger samples ofrbaghift SNe la are obtained, unlike
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the color measurement errors of each individual high-riédSN la. TheSNfactorymeasurements
are designed to greatly improve this calibration of intiin=lors, making it possible to take
advantage of the large statistics from the next generatbhgh-redshift SN la projects.

K-corrections

Because SNe la will be at different redshifts, in the restigaof the SN any filter used to
obtain an image will not exactly match the stand&dband filter. Therefore, the brightness of
a SN la will be affected by spectral features which are eitheluded or excluded due to filter
mismatch. The correction for this effect — referred to askheorrection — requires knowledge
of the SN spectrum and the photon response of the instrunk@nthigh-redshift SNe la the
spectrum is usually only available from around the time okimaim light, whereas each
photometry point along the SN lightcurve requires its distorrection. Thus, the appropriate
spectrum to be used fdt-corrections at other epochs on the lightcurve must beredeirom
the spectra of low-redshift analogs. The choice of the beslog relies on comparison of the
maximume-light spectra and the colors of the low- and higishéft SNe (it could also depend on
additional inputs, such as the lightcurve shape). The btéeanalog, the better the accuracy of
the K'-correction.

For some types of SNe la observed at redshifts where therfilgch toB-band is particularly
bad, the errors in th&'-corrections can alter the inferred corrected peak brigggarby several
percent. For the determination of SN colors, such errorsratighly add in quadrature (there
will be some covariance since color is used to help choosprttyger low-redshift analog), so the
overall uncertainty in the standardized peak brightnetes #ie color is used to correct for dust
extinction can be- 10%.

Thus, simple calibration uncertainties associated witkt @xtinction correction and
K-corrections are both of order 10% after the applicatiorheféxtinction correction. Each of
these sources of uncertainty is as large as the intrinsites@nong SNe la. In combination they
increases the statistical uncertainty associated with 8atla by~ 1.7x. Also note that we
have found extreme examples, such as SN1999aw iA-tiend, where thé-correction at some
specific epochs is uncertain by 10’s of a percent.

With the spectral time series that tB&factorywill obtain for all 300 SNe la, they-
corrections for the low-redshift SNe will keero, since the product of th8-band filter response
and the SN spectrum can be calculated directly. This widivakxcellent calibration of SNe la
standardization relations. Moreover, the lagfactorysample will vastly increase the number
of analogs available for th& -correction of high-redshift SNe la. Thus, one can see thegd
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gains — although merely technical — have the power to sigamtiy improve the results from
supernova cosmology experiments.

These steps are needed for the proper application afutrent standardization methods
used by all the groups who do cosmology with Type la supemokarthermore, the reader will
have noted that these correction steps are not independetrrections must be applied to get
the SN color, which is then used to determine the dust extincafter whicha and LH? can be
determined. Therefore a large homogeneous dataset iseddaiseparate-out the contributions
of these various effects. In particular, a large-scalecte@rnecessary in order to find the rarer
(elliptical host galaxies, large/small lightcurve wid#i¢.) events which provide leverage for the
calibration.
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Fig. 4.—Photometric and Spectral Time Evolution of Type la supernoae: At left, lightcurves

for nearby SNe la. The upper panel shows lightcurves fowviddal SNe la, corrected for relative distance using

Hubble’s law. Template lightcurves have been fit to the tghte for each SN and indicate that the brighter SNe
have lightcurves which are broader and decline more sloWig lower panel at left shows the superposition of these
data after using a brightness correction derived from tyigdiurve width. At right, the evolution of the spectrum of a

Type la supernova as the explosion ages (constructed frifenedit SNe Ia). The shaded regions highlight portions of
the spectra which are seen to change with time; some of tmederainosity indicators. Both datasets offer important

clues to the physics of SNe la.
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3. Converting Systematic Uncertainties into Statistical Wcertainties

As we move to the next generation of supernova cosmologyumeaents with significantly
improved target statistical uncertainties, it now becogrégal to improve the constraints on
systematic uncertainties as well. In particular, we nowtwarscrutinize the SNe la closely
enough that we can find second-order differences that arparameterized by the lightcurve
width vs. luminosity relation. Well-observed nearby SNedspecially in host galaxies spanning
a wide range in star-formation histories, are essentiahfmting for such possible second-order
systematic trends, and the observables that could comstram. In addition, further study of
nearby SNe will allow refinement of known SNe la luminositdicators — and perhaps the
discovery of more accurate or economical luminosity inttice— improving SNe la as tools for
cosmology.

Supernova “Evolution”

Uncorrected “evolution” has also been proposed as one patteource of systematic
uncertainty in the comparison of high- and low-redshift Sale ) Supernova
behavior may depend on properties of its progenitor stamarp-star system. The distribution of
these stellar properties is likely to change over time — f'e®b— in a given galaxy, and over a
set of galaxies.

As galaxies age, generation after generation of stars amtieir life-cycles, enriching the
environment of their host galaxies with heavy elements. dgivan generation of stars, the more
massive ones complete their life cycles sooner, so thaliisin of stellar masses also changes
over time. Such statistical changes in the galactic enuikamts are expected to affect the typical
properties of supernova-progenitor stars, and hence tiadef the triggering and evolution
of the supernova explosions. Even the SNe la might be exphéatehow some differences that
reflect the galactic environment in which their progenitiars exploded, even though they are
triggered under very similar physical conditions everyeditas mass is slowly added to a white
dwarf star until it approaches the Chandrasekhar limit).

Evidence for such galactic-environment driven differenamong SNe la has in fact already
been seen among nearby, low-redshift supernéiae \ The range of intrinsic
SN la luminosities seen in spiral galaxies differs from thegn in elliptical galaxies. So far, it
appears that the differences that have been identified drealibrated by the SN la lightcurve
width-luminosity relation. The standard supernova aredythus already are correcting for
a luminosity effect due to galactic-environment-disttibo evolution. There are likely to be
additional, more subtle effects of changes in the galacirenment and shifts in the progenitor
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star population, although it is not clear that these effecisld change the peak luminosity of the
SNe la. TheSNfactoryis designed to provide sufficient data to measure these demaler effects
for nearby SNe la.

In this discussion it is important to recognize that eaclividdal galaxy begins its life at a
different time since the Big Bang. Even today, there arelmegalaxies forming, that have not yet
gone through the life cycles of their high-mass stars, nopyaduced significant heavy element
abundance. Thus locally there will be a large range of gala&ctvironments present and the
supernovae will correspondingly exhibit a large range ofgenitor-star ages and heavy-element
abundances.

It is only the relative distribution of these environmeneaghat will change with universal
clock time. By identifying matching sets of supernova thatne from essentially the same
progenitor stars in the same galactic environments, betweg and low redshift, we can then
perform the cosmological measurements using SNe la hakisngame initial conditions. This
only requires that the SN la sample sizes are sufficientyeland varied at each redshift that
we can find matching examples in sufficient quantities. Iddéas is another reason why the
sample of nearby SNe la must be made much larger — to find loshif counterparts for each
high-redshift SN la.

We have identified a series of key supernova features thpbmesto differences in the
underlying physics of the supernova. By measuring all ofé¢ffeatures for each supernova we can
tightly constrain the physical conditions of the explosioraking it possible to recognize sets of
supernovae with matching initial conditions. The currémdretical models of SN la explosions
are not sufficiently complete to predict the precise lumityosf each supernova, but they are
able to give the rough relationships between changes inttysigal conditions of the supernovae
(such as opacity, metallicity, fused nickel mass, and ridlgribution) and changes in their peak
luminosities. We therefore know the approximate accuramded for the measurement of each
feature to ensure that the physical condition of each setpdérmovae is well enough determined
so that the range of luminosities for those supernovae ishveébw the systematic uncertainty
bound 2% in total) forSNAR The SNfactorywill play a key role in empirically calibrating
these relationships between changes in the physical ¢consliof the supernovae (as seen in the
lightcurve and spectral features) and changes in their heaiosities.

In addition to these features of the supernovae themseiwewijll also study the host galaxy
of the supernova. We can measure the host galaxy luminesity;s, morphology, type, and the
location of the supernova within the galaxy.
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4. Constraining 2, with the SNfactory

Fig. 5.— Gravitationally-induced peculiar velocities: The contours show a simulation of the radial
component of peculiar velocities of the hosts of SN hostxjeta smoothed on a scale 2fA~! Mpc. The shaded
regions have positive radial peculiar velocities whilethshaded regions have negative radial peculiar velocifies
contours run from-100 < v, < 100 km/s in steps of 50 km/s. From the Sloan Digital Sky Survey knzatalog of

The SNfactorywill concentrate its intensive follow-up observations oipé& la supernovae
in the Hubble flow ab.03 < z < 0.08 so that the radial component of the peculiar velocities of
the host galaxies (typically 300 km/s) is a minor portionteé bverall error budget. Far< 0.03
these peculiar velocities will be measurable, and are ptmpal to the product of2,,%¢ and
enclosed mass perturbatiang.e.
Vv =—0y%%.

The mean-square bulk velocity in a sphere of radius given by:

1.2 o]

(v*(R)) = % / P(k) W2(kR) dk
™ Jo

where P(k) is thematterpower spectrum anti’2(kR) is the Fourier transform of a spherical
window function. A large all-sky sample af< 0.03 supernova distance measurements will allow
a purely dynamical measurement(f; which is independent d,, and also independent of
uncertainties in galaxy biasing which afflict galaxy redistiirvey estimates of the mass power
spectrum. Current constraints using the peculiar velouigyhod give2,, = 0.35 £ 0.05 for a

flat universe with fixed,, €2,, » and COBE normalization ]
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using samples of various distance indicators having thesstal
weight equivalent to roughly 100 SNe la. TB&factorysample should help improve these
constraints considerably. Including distance measuréfesm > > 0.03 SNfactorysupernovae
will allow determination of the spatial scale over which thedocity field converges. This in
turn determines the spatial scale at which the universerbesdiomogeneous. Due to the
much smaller distance uncertainty associated with SNe rigpaoed to, e.g. Tully-Fisher or
Fundamental Plane techniques, systematic errors in thdigegelocities for theSNfactory
sample should be much smaller than for existing peculiavorgl samples. Thus th&Nfactory
will significantly advance the state of the art in this fieid L)An example
of what the peculiar velocity field might look like is shownHig. 5

5. Galaxies vl, YC,

Besides these correlations, one can probe the connectioiedre the SNe la and the host 23/05

galaxy (age and metallicity, gas and dust contents, eheFMNfactorysurvey can shed new light
on the low-redshift galaxies intrinsic properties. Indeth@ SNfactorygalaxy sample — gathering
the host galaxies of the observed SNe la — will not be selemtedrding to any “traditional”
criterion (total luminosity, surface brightness, morgy), distance, nuclear activity, etc.), but
only on the fact of harboring an observed SN la. Therefoogeof the classic biases in action
during the usual selection process — luminosity, surfagghbiress, color, cosmic environment —
should affect the galaxy sample at any rate.

The “physical” selection criterion applied on the resugtigalaxy sample is difficult to
estimate. But under the assumption — to be validated — tlegpribbability of a supernova is
directly proportional to the stellar population dendigny good references?)the SNfactory
galaxies will be selected according to thieital stellar massHowever, a distinction must be made
on the nature of the supernovee: the thermonuclear SNe (Sdeolae theold stellar population,
while the gravitational SNe are related to fwungstellar population. Th&Nfactorywill only
follow the SNe la along their light-curve, accumulating egb galactic signal for a spectroscopic
analysis. As a result, the survey will provide two distinetywinnovative samples of 300 nearby
galaxies or morg but the complete study of the “young sample” would requamplementary
spectroscopic observations.

Besides the production of a new kind of local galaxy samplesscientific topics that can be
addressed by this aspect of tBNfactoryare numerous (see tiNearby Field Galaxy Survepr a

1The exact size and characteristics of the samples stillrbbpe the precise SNe discovery efficiency rate.



— 22 —

complete science casé; ):

e establish the global galaxy luminosity function, and pblysof the luminosity-morphology
relation (from both samples),

e connect various spectro-photometrically measured ptigger age, metallicity, star
formation, etc. — to the galaxy luminosity,

e serve as aero-evolutiorbenchmark for the interpretation of distant galaxy samples

This last point is of particular interest considering thaifarly tailored galaxy samples that the
high-redshift supernoae surveys to corB&LS SNAB will provide: the comprison between the
nearby and distant galaxies will be much facilited by a distadependant selection criterion.

6. Science goals summary

The primary goal of th&Nfactoryis to provide a large sample of high-quality low-redshift
SNe la, needed to establish the baseline against which thiaidig of high-redshift SNe la
can be measured and to determine those properties of SNietdirag their use for the next
generation of higher-statistics, lower-uncertainty cokrgy measurements. A critical component
of this work will be the search for second-order deviationd axtra parameters beyond the
lightcurve width-brightness relation current used to dtadize SNe la. New exclusion criteria
and standardization methods based on lightcurve shapés apectral features (see Fig).can
then be developed using these high-quality low-redshifiskts to constrain these second-order
deviations as we begin to use the higher statistics samplaglaredshift to make the next
generation measurements of the cosmological parametBeseTgoals can be summarized as
follows:

a) secure the low-redshift portion of the SNe la Hubble diag(Figsl, 2 and3) which serves
as the zero-point for high-redshift cosmological meas@meis

b) acquire lightcurves at numerous optical (and, when péssnear-infrared) wavelengths
beginning well before maximum — data currently availabledoly a handful of nearby
SNe la, and needed to fit the lightcurves of high-redshift &\f@r which there is now
extensive data prior to maximum (sé&).

c) test and refine the lightcurve width vs. brightness refatised to standardize SNe la
luminosities, for which a wide range of lightcurve widthessential.
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d) construct an ultraviolet{-band) template lightcurve and an ultraviolet lightcurvdtv vs.
brightness relation to allow restframe ultraviolet ligintees ofz > 0.75 SNe la observed
with HST to be used.

e) obtain spectral coverage with lightcurve phase, anaébyedetermine accurate wavelength
bandpass correction&¢corrections) as a function of lightcurve width and timeg($b).

f) determine intrinsic SNe la color-curves needed to eshlthe correct color zeropoints for
host-galaxy dust extinction corrections.

g) test for the existence of abnormal host-galaxy dust etitin laws.

In principle, SNAPcould conduct some of these studies itself. The measuremanst
be obtained in a fashion such that the technical measurserhent little covariance with
measurement of the cosmological parameters. This regqhia¢she determination be made using
a large sample of SNe la at very low redshift, which would bey bfficult and inefficient for
SNAPto get because the necessary areal coverage is thousamds®fdrger than thENAPfield
of view. Thus, it is much more cost-effective and efficienbtain these observations with the
SNfactory Furthermore, since th®Nfactorydata analysis can be completed well befSi¢AP
flies, final details of th&NAPmission and analysis chain can be fine-tuned prior to lauattter
than afterSNAPhas collected the data for these studies itself.

The resultingSNfactorydataset on SNe la will also allow detailed exploration of Sale
properties never before possible, which will almost caitaiead to a better understanding of SN
physics, place strong constraints on progenitor modets passibly allow improved luminosity
estimates. It will enable us to determine

a) the intrinsic luminosity function of SNe la.

b) new relations between lightcurve shapes, spectral d&t@s (such as UV continuum slope,
Si5180/Si6150 line ratios), etc., and luminosity.

c) SNe properties in different host galaxy environmentsa(asrrogate for progenitor age,
mass, and metallicity).

d) the rates of SNe of all types, including rates as a funatifdmost galaxy properties.

e) establish the color evolution of non-la SNe in order toneefjround-based arfsNAP
spectroscopy trigger criteria.

The large sample dNfactorySNe will be important in recognizing the signature of any new
supernova sub-types, which could in turn signal the excgteri multiple progenitor scenarios.
Indeed, the large number of SN and host-galaxy parametessevexploration is of potential
interest requires a large dataset covering the paramedee sy initial conditions.



Chapter 2

Program definition

1. Baseline program

The baseliné&SNfactoryfactory program is to obtain spectrophotometric light@sreovering
3200-10000 A for a minimum of 300 nearby Type la SNe spanningide a range in SN
parameter space as possible. These SNe la will be in theiftedsige 0f0.03 < z < 0.08 —
not so far as to require excessive amounts of telescope foth@y-up time goes as?), yet far
enough so that host galaxy peculiar velocities will conirgdittle to the error budget. The goal is
to discover the SNe la as soon after explosion as possibllehédNEAT flux limit and observing
cadence we expect to easily find most SNe la 10-15 days befaxemam light. SNe la spectra
change noticeably on time-scales of 5-7 days, so we wilirgitdo obtain spectrophotometry
every 3-5 days from-15 days throught45 days around maximum light. This follow-up cadence
should yield roughly 15 spectra for each SN. Some of the n&xe also will be observed
bimonthly in synthetic-photometry mode for several mordfter maximum light in order to
better constrain positron escape models. Each spectrdmegilire 10-40 minutes to achieve
adequate signal-to-noise, depending on SN brightnesgsatmeric image quality, and sky
brightness. Taking into account the overhead for screesfingsuitable SNe (e.g. those having
the wrong type or redshift), acquisition, readout, calilor® and weather we expect to intensively
study approximately 100 SNe la per year. Roughly a year #ftemitial observations a “final
reference” spectrum will be obtained so that the host galigky superimposed on the previous
year’s SN light can be subtracted.

Several aspects of tt&Nfactoryset it apart from other past and on-going nearby supernova
projects. Foremost among these is that supernovae willdmowdered using a blind wide-area
CCD-based survey. Other blind surveys used less sensittvéadly calibrated photographic
plates. Other nearby supernova projects using CCD’s targetn galaxies, generally at redshifts

24
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less than 0.03. There is also now evidence that this appnmégtes an important subset

of supernovae (such as the overluminous Type la, SN199%athedchypernova, SN1999as,

we discovered in the Spring 1999 Campaign). This is illdsttan Figl. In addition, the
SNfactorywill coordinate discovery and follow-up observationsirehating the delays and spotty
early-lightcurve coverage which is now typical. It is exfgetthat with theSNfactorydetailed
follow-up of supernova candidates can begin within aslds 3 hrs of the discovery observations.
Finally, SNfactoryfollow-up observations will use an integral field unit spegraph, data from
which can be used to construct both detailed flux-calibrafeettra and broadband images.
The regular photometric spectral time series for nearbgswgvae theSNfactorywill generate
will revolutionize the study of supernovae (see B)g This dataset will also eliminate several
limitations (wavelength bandpass mismatch, wavelengtheddent slit losses, etc.) of all other
currently available instrumentation used to study supexeo

Luminosity Distribution of Local SNe Host Galaxies
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Fig. 1.— Distribution of host luminosities for SNe la. The open histogram shows the luminosity
distribution of host galaxies for low-redshift SNe la in thsiago SN catalog. The model curves show that for bright
(M < M*) galaxies the sample is volume-limited, whereas for faigtdaxies it is limited by the galaxy luminosity.
Thus current SN la samples are biased against SNe la in lonwenosity (low-metallicity) hosts. This is a direct
result of the technique. The hashed histogram shows treefféct is even more pronounced among SNe la in the
nearby smooth Hubble flow. It also illustrates the relatigagity of such SNe.
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2. SNla context

To be done: SNIa/SNII rate, galactic luminosity function, etResp.: RP

2.1. Target Redshift Range

The SNfactorywill be capable of finding SNe la at peak out to redshift 0.2 under the
best conditions. However, since we wish to concentrateoNm I8 discovered well before peak,
the upper redshift limit for the sample of interest is lowkte = ~ 0.1. Moreover, as noted
earlier, the follow-up time goes roughly a$, so it is much more efficient for th8Nfactoryto
concentrate on even lower-redshift SNe la provided theybeafound in sufficient numbers.
The very lowest redshift SNe la will be relatively rare in @ample; since their redshifts have a
significant component due to the peculiar velocity of thestrgalaxy relative to the CMB they are
not optimal for our main program (however they are key to t@ansing(2,, from theSNfactory
dataset.) Fi@ illustrates this trade-off, and shows that the redshifgein04 < = < 0.08 is
optimal for our main program.

Fig 2 also illustrates the inherent advantage of the blind-$eapproach provided a
wide-field camera is available. Namely, each pointing of@® field contains 33.* galaxies
whereas a pointed search will, by definition, contain onlg é6h per image. In particular in the
redshift range).04 < z < 0.08, a luminosity density ofz = 2.16 x 10® h L, Mpc™

and a volume 08.7 x 10° h™® Mpc® deg* gives8.0 x 10'' h™2 L, deg!; for
L* = 2.4 x 10" h™2 L, this gives 33L* galaxies ped°. For a canonical rate of 1 SN la pét
galaxy per hundred years, the expected yield is 330 SNe lafegion of 1000° monitored over
the course of a year. This is more than enough to use the bleadaserving time, thus verifying
that0.04 < z < 0.08 is a good target redshift range for tB&lfactory

2.2. SN rate from the Galaxy luminosity function

The galaxy luminosity function for the simulations weregakrom Marzke et al. 1998. It is
a Schechter profile:

O(M) = 0.4In 10D, [A, (M)]'* exp [~ A, (M)], (2.1)
where

A (M) = 10%4M-=M) (2.2)
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Fig. 2.— Relative error contributions with redshift. The size of the relative distance error due to
galaxy line-of-sight peculiar velocities is illustratdd.order to test SNe la properties at the level of a severalguer
without being dominated by peculiar velocity errors regsiworking atz > 0.04. Also show is the relative cost
in observing time as a function of redshift. This illustsateat the upper redshift limit should be lower as much as
possible consistent with discovery of enough SNe la.

with M, = —19.43, a = —1.12 and®, = 12.8. Figure3 (left pane) shows the corresponding
luminosity function.

From this luminosity function, | compute the SN rate expédadtea sphere of radius = 0.05
assuming a SN rate of 0.5 p&h'° solar luminosities and per century (Pain et al. 1996). Thke ra
per B magnitude and per square degree is displayed in Fig(night pane).

The final SN rate per square degree is given by integratisduhiction on all the magnitudes:
2.1510~* SN/day/deg?®. Adjusting this rate for the redshift ranged4 < z < 0.08 yields
7.710~* SN/day/deg®. Assuming thaNEAT effectively monitors 1000°/year the discovery rate
is 281 SNe la per year with04 < z < 0.08, consistent with our previous estimate.

3. Discovery

Discovery of SNe at low redshift operates in a different megithan SNe searches at high
redshift because at high redshift a single wide field moadavver a year will contain many
SNe, while at low redshift even the widest-field cameras alve substantially less than one
SN per year. Thus, while at high redshift the search andvelip can be combined to achieve
a substantial multiplex advantage using one telescoperaader, at low redshift the optimal
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Fig. 3.—Luminosity function and SN la rate. Left panel:luminosity function for all types galaxies at
z < 0.05 (Marzke et al. 1998)Right panel:SN la rate peB mag and per square degree within a sphere of radius
z = 0.05.

telescopes and instrumentation for the discovery stageemyedifferent than for the follow-up

stage. Although requiring more instruments, on more thantelescope, this does allow better
optimization for each stage.

Table 1:NEAT Search Facilities

Site Haleakala Palomar | Palomar Il
Aperture 1.2m 1.2m 1.2m
Nights/Month 18 dark/gray 18 dark/gray 9 dark/gray
Imager Format Ak« 4k 3x 4k x 3k 112x 2.4k x 0.6k
Imager Scale 1.33pixel 1.0Y/pixel 0.87'Ipixel
Field of View 1.5x1.5 1.1°x3.4 2.3 x4.¢
Filters open open open
Exposures 3x20s 3x60s TBD
Readout 20s 20s 40 s
Nightly Coverage 300° 5000° (10000°)
Start Mar 2000 Apr 2001 ~Aug 2002

Data (compressed) 12 Gbyte/night 40 Gbyte/night (80 Ghigbf)

The SNfactorywill search for supernovae using CCD images obtained bysJRe&ar Earth
Asteroid Team EAT). A proof-of-concept search conducted using two nightSIBAT data
found 4 confirmed supernova®EAT has since expanded its operation to include a 1.2-m
telescope (at the 10,000 ft summit of Haleakala, Hawaii)kngy 18 nights per month. In
addition, since this search covers large portions of therskgpective of known galaxies, it will
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Palomar NEAT Overlap: New = 02/22/2002; Gap = 1—1000 Days
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Fig. 4.—NEAT sky coverage.The totaINEAT sky coverage prior to Feb 22, 2002 is shown in blue, while the
coverage on the night of Feb 22,2002 is shown in orange; thdagvis shown in red.

be rid of the biases to which pointed searches are subjedbdbeir reliance on existing galaxy
catalogs.NEAT has recently quadrupled its capacity, with a second 1.2lesdepe operating at
Mt. Palomar with a large CCD camera, so we expect to discaxggral supernovae per week.
Each patch of sky will be revisited frequently (about eveda§ys, since this is the “refresh rate”
for NEAS). This will enable early discovery — and hence gdightcurve coverage — and help
eliminate Malmquist bias. Tableprovides technical details of ti¢EAT search facilities (also
see 81), while Fig.4 shows the typical and cumulative nightly sky coveragesrathwith the
current camera at Palomar Observatory.

As with the proof-of-concept searcNEAT data (up to 80 Ghyte/night) are being transferred
in near realtime via high-speed Internet connections to LBNERSC (including a custom-built
wireless Internet connection to Palomar). Once there,rtfagjes are processed and searched
on a PC cluster using automated software developed by theaB8C@IRefined by th&Nfactory
(see 82). An important aspect of th8Nfactoryis that the selection of supernova candidates
will be quantitative and traceable, something currentays\completely lack and which makes
calculations of supernova rates and peculiarity fractexieemely difficult.
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4. Spectro-photometry and follow-up

To be done: galaxy and sky spectra, S/N estimate, survey performaResp.: YC
(+EP+SB) v2 YC
04/06

4.1. Supernovee template spectrum

The SNe la simulated spectra are computed from the temi#eter Nugent. For a given
input strech factog, the absolutd3 magnitude of the supernova is computed followiiig
and ]

Amys =1.96(s7' —1)+1.07 and  Mp=—19.258 +0.784(Am5 — 1.1).  (2.3)

The templates of Peter Nugent are scaled to a magnitug€), and are therefore easily scaled to
any absolute magnitudez. The SN spectrum is then redshifted, and the apparent nuaignis
simply computed using the input

4.2. Galaxy spectrum and surface brightness

The spectrum of the host galaxy is computed from the syrmthatidels of
(which does not include any emission line). An Sc galaxy oG0s is used
as a benchmark, with the spectrum given in Figu(eght pane).

T T T T T T T T T T

Galaxy spectrum (Sc, 10 Gyrs)
r Sky spectrum

6 -

Arbitrary units

Tl b b b

10-17 erg/s/cm?2/A/arcsec?

! | ! ! ! | 1 1 1 | 1 1 1 0 L | L L L 1 L L 1 1 1
4000 6000 8000 10000 4000 6000 8000 10000
A [AA] A [AA]

Fig. 5.—Galaxy and sky spectra.Left panel:synthetic spectrum of a 10 Gyrs Sc galaky(
). Right panel:sky brightness spectrum.

The luminosity of the underlying galaxy is the main uncertain these simulations, as there
is a wide range of possible values. As a first try, we use tHevimhg methodology:
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give an analytical luminosity profile fit (ifv) for a relatively large sample of 659 spiral
and lenticular (bright) galaxies (the luminosity histagre given in figures).
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Fig. 6.— Galactic surface brightness. Left panel: Histogram of absolute luminosities in the sample of
iRight panel:surface brightnessy vs. absolute magnitud8; for the Sample
at 1 arcsec), 5 arcsec k) and 15 arcsec.

The analytical profile for all the galaxies of this sampledndeen computed for = 0.05,
and then convolved with a 0.8 arcsec gaussian seeing. Tfeesuwrightness was measured at
different radius from the nucleus: Figuseshows the plot of th& surface brightness at different
radius (1, 5, 15 arcse®}. By absolute magnitude (fromt t p: / /| eda. uni v-1yonl.fr/)
for the whole sample.

One can see that tHé surface brighness of the galaxy will b&0 or fainter for a radius
larger than 5 arcsec whatever the brightness of the hostygaln the contrary, due to seeing
spreading, for radius between 1 and 5 arcsec, the backggalady may be much brighter even
for intrinsically faint galaxies.

As a first approach, we consider the typical underlyingurface brightness to be
wy ~ 18 mag/arcsec However, this parameter appears to be one of the mostatiitiche
computation of the mean signal-to-noise spectrum and afuneey efficiency.

4.3. Sky brightness

The sky brightness spectrum from 3200 to 10000 A was built byging two spectra from
the ING (blue part) and the CFHT (red part), (Figleft pane).

However, this moonless spectrum appears to be particutamy and anad-hoc
additive correction has been applied to matchBy/R Mauna-Kea sky brightness given in
http://ww. gem ni . edu/ sci ops/ QbsProcess/ obsConstrai nt s/ ocSkyBackground. ht m


http://leda.univ-lyon1.fr/
http://www.gemini.edu/sciops/ObsProcess/obsConstraints/ocSkyBackground.html
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These spectra (Fig) correspond to an average over all the observing condifionar phase,
target-moon angular separation, ecliptic latitude, reaiigle, phase of the solar cycle) and is
therefore probably pessimistic, as one can probably seéteipliservation strategy to meet sky

conditions better than average. The cumulative probglalgtribution of sky brightness can be
split in four:

The darkest sky occurs 20% of the time, and corresponds roughly to an obsemass than

3 nights from new moon;

The dark sky is the modal sky (50%-ile), obtained for an observation thas 7 nights from
new moon;

The grey sky corresponds to the 80%:-ile (less than 7 nights from full mpon

The bright sky occurs the rest (20%) of the time (less than 3 nights fromnfbn).
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Fig. 7.—Sky spectra for different observing conditions: darkest nightdot), dark night tull),
grey night @lash) and bright night dot-dash.

Hereafter, the benchmark simulation uses a typical darksplgtrum (50% of the observing
conditions will beat leastas good).
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4.4. Signal-to-noise estimates

The transmission of the IFS blue and red channels are pegkan€Chap3 (8 3.3, p47). The
benchmark observing conditions are the following:

e the sky is dark (see spectrum in Fig,

the host galaxy is a 10 Gyrs Sc spiral (see spectrum indrigith meanV” surface brighness
wy = 18 mag/arcses at a redshift ot = 0.07,

the SN la has a stretch factor= 1 and is observed at maximurh=€ 0),

the integration time i§" = 900 s,

the SN la spectra extraction uses optimal weighting botlpatial and cross-dispersion
directions { ).

In these conditions, thebservedspectra (in counts) and their relative contributions assented
in Fig. 8, and the reference SN la S/N spectrum is displayedsadi@linein the following figures.

2000 T I T T T I T T T I T T T
- ——— Sky (dark) T
- Galaxy (Sc) , -
- —— SN Ia (max) .
1500 £

1000

Counts

500

4000 6000 8000 10000
A [AA]

Fig. 8.—SN la/galaxy/sky relative contributionsin the benchmark case (see text).

The influence of various parameters on the SN la S/N spectallrthé other parameters
being fixed to the benchmark values) is analysed in ig0 and11:
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surface brightness and type of the host galaxy (8ig.

supernova age and stretch factor (Hi@),

redshift (Fig.10),

exposure time and sky brightness (Fig).

4.5. Survey efficiency
Observation strategies

The SNfactoryspectro-photometric survey goals are the following:

e obtain 15 SN la exposures froim= —15 tot = +45 days,

e the supernova S/N per bin of 10 A averaged over the full speeinge (3000—10000 A) is
(S/Ny,) > 10 beforet = +35 d, and> 5 after,

e at maximum { = 0), the S/N per bin of 10 A is above ¥¥verywhereetween 3500 and
9500 A.

Tables2 and 3 present possible strategies which attempt to balance tieeds, using
exposure times computed with the previous reference dondi{except of course for the SN la
age). Aftert = +35 days, the exposures would have been longer that 1h, and ®Mdevel had
to be accepted.

These strategies correspond to a total exposure time onearsaya 0f~14400 s = 4h
(strategy #1) and-21600 s = 6h (strategy #2). However, strategy #2 (Tablacludes the fact
that~ 75% of the nights are clear: one needs to plan 20 observailong the light-curve to
indeed obtain the 15 required exposures. The effectivesxpdime is therefore-4h30 per
supernova.

Survey efficiency

Given the observation strategy, one can estimate the spglstitometric survey efficiency.
Assuming:
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Table 2: Spectro-photometric observation strategy #1 imgéte goals detailed in the text.
t (S/N,,) T., Comments
(dayS) Texp =900 S) (S)

—-14 3.4 900 screening spectrum
-10 10.6 840
—6 18.7 360
-3 21.6 300
max 22.2 1200
+4 20.6 300
+8 17.4 360
+13 12.8 600
+17 10.8 780
+21 9.7 960
+25 8.4 1200
+29 6.7 1800
+34 51 900 S/Ny =5
+40 3.6 1560 S/N, =5
+46 2.8 2520 S/IN =5

a mean night duration of 9h (actually 9h17 of astronomicghhin 2003),

an available fraction of 20% of the UH telescope time,

75% of clear nightsF ),

a total overheadof 25%,

one gets365 d/yr x 9h x 20% x 75% x 75%/4h = 92 SN la/yr for strategy #1 and 82 SN la/yr
for strategy #2. This yields close to the number of SNe lalesd in the baseline program

1This overhead might be optimistic, as it will include:

— target acquisition,

— pre- and post-observation calibration exposures (arcs),

— spectro-photometric standards,

— all the SN that will be screened but not kept for further asisly

Typical observing overheads (not including the last papgcific to theSNfactory for major telescopes are around
30% (http://ww. ing.iac.es/~crb/wht/overheads. ht m).


http://www.ing.iac.es/~crb/wht/overheads.html
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Table 3: Spectro-photometric observation strategy #2 imgéte goals detailed in the text.
t (S/N,,) T., Comments
(dayS) Texp =900 S) (S)

-15 2.5 900 screening spectrum
—-12 6.3 1980
-10 10.6 840
—7 17.1 360
-5 20.1 300
-2 22.0 240
max 22.2 1200
+3 21.1 300
+5 19.8 300
+8 17.4 360
+10 15.5 480
+13 12.8 600
+15 11.6 720
+18 10.5 840
+23 9.1 1080
+28 7.1 1800
+33 54 2700
+38 4.1 1320 S/IN, =5
+45 2.9 2400 S/IN =5
+48 2.6 2700 S/IN =5

(8 1), althought it results in less S/N at late times than hopedRossible gains can come from
a decrease in the overhead and from concentrating on SNeliglsty lower mean redshift than
z = 0.07.

5. Complementary Observations

Assuming our current low-redshift SN observing programhWiST is extended through
future proposal cycles, tHeNfactorywill have access to HST to obtain UV spectra of a subsample
of the SNe la. This is invaluable for glimpsing the propertid SNe la at wavelengths which
are redshifted into the visible at high redshift. The restfe UV contains important information
on the metal content of the SN atmosphere. Further cooelirgitmultaneous multi-band
near-infrared JHK) imaging would allow the determination of the bolometrimimosity needed
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to determine the total energy budget of the SNe, as well agging a better determination of the
amount of dust extinction suffered by each SN. Rest-franae-mdrared SN data are extremely
scarce; our large sample of low-redshift SNe may reveaéb8&te la standardization techniques
which could be applied to high-redshift SNe la in the futuseng SNAPor the Next Generation
Space Telescope (NGST). TB&lfactorycould also work to develop Type Il supernovae (SNe Il)
as more reliable distance indicators. Since the physicsraasurement methods applicable to
Type la and Type Il supernovae are so different, they wisexs crucial cross-checks on each
other. With the current telescope resources support fon¢lae-IR and Type Il studies will be
difficult, however, we are exploring ways to broaden the soofgtheSNfactoryto include such
studies.
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Fig. 9.—Influence of the host galaxy characteristics on the SN la S/NUpper panel:influence of
the underlying surface brightness {ifmag/arcsed); lower panel:influence of the host galaxy type (ellipticalash
early-type spiraldot). Thesolid linescorrespond to the benchmark case.
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Fig. 10.—Influence of the supernova parameters on the SN la S/Nupper panel:influence of the
SN la stretchs ; middle panel:influence of the SN la agéower panel:influence of the redshift. Thesolid lines
correspond to the benchmark case.
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Fig. 11.—Influence of the observing conditions on the SN la S/NUpper panel:influence of the

exposure timelower panel:influence of the sky brightness (sed .8

for definitions).




Chapter 3

Instrumental setup

1. SNfactory telescopes

The SNfactoryrelies on several existing telescopes to carry out its mogrTheNEAT
program operates two telescopes to carry out its searctetorearth asteroids. The first of these
is the 1.2-m telescope located at the Maui Space SurvedliStation, operated at the Science
City complex on the summit of Haleakala by the United States-Arce. NEAT operates a
single 4k<4k thermoelectrically-cooled CCD behind a wide-field caanleuilt by Boeing. The
secondNEAT telescope is the 1.2-m Oschin Schmidt on Palomar mountained and operated
by the California Institute of Technology. This telescopefprmed three famous photographic
sky surveys: the Palomar Observatory Sky Survey, the Lugteper motion survey, and the
Second Palomar Observatory Sky Survey. Last April, workggrade the telescope to allow
remote operation was completed. Currently a camera widethkx 4k thermoelectrically-cooled
CCD’s is operating at the Oschin Schmidt; this summer Yalevéisity will begin operating the
QUEST Il cameraNEAT has access to this telescope as part of the Jet Propulsiamdiaby’s
share in Palomar Observatory. This share of the Oschin Sithsncurrently 80%, but will
decrease to 40% once the QUEST Il camera is installed (wéin trmer 40% going to Yale).
Further details of th&lEAT search cameras is given in Talil¢Chap.2, p.28). The SNfactoryhas
access to thBlEAT data from both of these telescopes through a MOU with JPL.

The primary follow-up for theSNfactorywill be performed at the University of Hawaii's
2.2-m telescope, located on the summit of Mauna Kea. Maurai&arguably the best
astronomical site in the world, with excellent atmosphstability producing some of the best
image quality attainable from the ground. T&BIfactoryhas arranged for collaborative use of
20% of the time on the 2.2-m, to be allocated as the 2nd hali@hight on every first and
third night of a five-night cycle. A near-infrared cameralwié mounted at a second cassegrain

41
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Palomar 1 2m

Fig. 1.—Telescope Facilities Participating in theSNfactory: Clockwise from upper left — the wide-
field camera of the MSSS 1.2-m, the YALO 1.0-m telescope, thehid Schmidt telescope, and the University of
Hawaii 2.2-m telescope. These telescopes are describegifailyrin the text.

port during bright time, in principle allowing us to obtaitf K photometry of the SNe la being
followed with SNIFS Access to time on this telescope is the rate-limiting stefhé operation of
this experiment. The typical losses due to weather and teghproblems at the UH 2.2-m are
provided in Tablel (courtesy A. Pickles).

UH is working on completing implementation of remote tetgse operations. This work
has included an upgrade to the TCS to allow complete remoteat®f the telscope and dome.
Further work will include installation of plumbing for crycoolers, the ability to remotely
select the observing port, implematation of environmemt@hitoring and capabilities for remote
instrument resets.

Since theSNfactoryhas some nights without access to the UH 2.2-m telescope liveegd



Table 1: UH 2.2-m: Monthly Time Lost
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Month Weather  Technica)
(hrs/mon)  (hrs/mon
Oct 1999 34 2
Nov 1999 106 2
Dec 1999 122 6
Jan 2000 39 10
Feb 2000 12 2
Mar 2000 50 3
Apr 2000 62 1
May 2000 18 1
Jun 2000 17 10
Jul 2000 15 1
Aug 2000 22 1
Sep 2000 10 2

to obtain some imaging to screen potential SN candidatdsadwery rare events can be caughtin
a timely manner. We expect to obtain such imaging from the ®ALL-m or the YALO Il 1.5-m at
the Cerro Tololo Interamerican Observatory in Chile. Thisess will come from a combination
of United States national observatory time and Portugas ti@ther possible sources of images
may include LBNL's 80-cm telescope at Fenton Hill, New Mexizinder developement), the
MAGNUM 2-m run by Japan on Haleakala, HI, or the ARC 3.5-m imNdexico (if U. Chicago
becomes involved in thBNfactory.

In addition to these ground-based facilities, 8iéfactoryhas an on-going program on the
Hubble Space Telescope (HST) to obtain ultraviolet spectrpy of a limited number of nearby
supernovae. Th&Nfactoris ability to guarentee SN discoveries within a window of & féays
eliminates the need for “target of opportunity” observasipwhich are very disruptive to the HST
schedule and waste up to a day per SN of HST time. With input filtee SNfactorythe HST can
observe twice as many SNe compared to the TOO mode otherimgues require. Currently our
program can observe about 5 SNe la per year, but we expeaghheéSNfactoryswings into full
operation the HST will want to allocate more time to our peoygr

There is a great deal of interest by several groups in carin) in other ways to the
SNfactoryobservations. As there is no other instrument in the worlicivican study SNe at
optical wavelengths as effectively 8NIFSwe are exploring complimentary observations, or
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even the implementation of a secdBNIFSat a second site. A second site has the great advantage
of offering protection of against streaks of bad weathermprpriately sited (e.g., at La Palma or
Chile), a secon@NIFScould allow theSNfactoryto be “on sky” almost continuously. This would
greatly improve our ability to respond to very rare eventserd of quick observations.

2. NEAT

The SNfactory will search for supernovae using CCD imageained by JPL's Near Earth
Asteroid Team (NEAT). A proof-of-concept search conduaisohg two nights of NEAT data
found 4 confirmed supernovae. NEAT has since expanded iésatipn to include a 1.2-m
telescope (at the 10,000 ft summit of Haleakala, Hawaii)kgy 18 nights per month. NEAT has
agreed to examine supernova search fields three times dzagfgmonth, giving the SNfactory
the potential to find many supernova shortly after explosfRisetime — the time from explosion
to peak brightness — is considered one possible parametecdhld affect peak luminosity). In
addition, since this search covers large portions of thers&gpective of known galaxies, it will
be rid of the biases to which pointed searches are subjedbdbeir reliance on existing galaxy
catalogs. NEAT will soon quadruple it's capacity, with ased 1.2-m telescope operating at Mt.
Palomar with a large CCD camera, so we expect to discovesraesupernovae per night.

As with the proof-of-concept search, NEAT data will be tf@nsed in near realtime via
high-speed Internet connection to Lawrence Berkeley Mdtab (LBNL, where 1 Th of NEAT
data is already archived). Once there, the images will begased and searched using automated
software developed by the Supernova Cosmology Project \&6¢ further refined by the
SNfactory. Candidate supernovae will be screened inigedgtand assigned a preliminary
follow-up priority. An important aspect of the SNfactoryttsat the selection of supernova
candidates will be quantitative and traceable, somethimgent surveys completely lack and
which makes calculations of supernova rates and pecylifaaittions extremely difficult.

The most revolutionary aspect of the SNfactory — aside frammhuge numbers of
supernovae it will find — is the coordinated follow-up usimgtrumention tailored to the study
of supernovae. Candidate supernovae found in the NEAT imagsest first be screened with
spectroscopy to confirm the supernovae and reveal its tgpdl(llb, Ic) and redshift. The
SNfactory will not only discover supernovae closer to esma that other surveys do, with a 12
hr turn-around it will also begin the follow-up much much sea Typically candidate supernovae
are confirmed with imaging on subsequent nights, then reddd the 1AU Circulars, and
then observed spectroscopically with regular — but infesdgly — scheduled time or director’s
discretionary time (requiring a proposal for each supearexvd the availability of the right
instrumentation). This process can easily stretch on foe@kvwor more after discovery.
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3. SNIFS

Subsections, spec. table, transmissions.
| Numbers have to be checked|! V1l YC
04/06

3.1. Overview

Traditionally supernovae have been followed WBWRI photometry, and spectra beyond
the initial confirmation spectrum are rare. The SNfactorl} @hiange all that. Using a integral
field unit on a two-channel (blue & red) optical spectrograple SNfactory’sSupeiNovalntegral
Field SspectrographNIFS under construction at CRAL-Observatoire de Lyon) equippéh
LBNL's red-enhanced CCD'’s (see Fij}, will allow spectroscopy of supernovae at all epochs.
Because these spectra will be spectrophotometid)/RIZ photometry can be synthesized
from these spectra, without the uncertainties due to phetoocolor terms and K-corrections
(the latter usually based on non-spectrophotometric sge@NIFSwill retain one advantage
of the traditional approach, which allows surrounding fistdrs to be used for flux scaling
when conditions are non-photometric, by also having an anadnich integrates on the field
immediately surrounding each supernova and having the egate exposure as the integral field
unit.

3.2. Technical design

The opto-mechanical layout &NIFSis shown in Fig.3. The operation 0ENIFSis intended
to be fully automated. An observer/technician is neededépare the telescope for observing,
point the telescope to targets designated by the SNfaatlmye the telescope, and possibly
ensure that th&NIFSdewars are supplied with LNESNIFSis intended to be capable of focusing
the telescope, recognizing star fields near requestedsargimg it's own imager, adjusting the
telescope pointing to place the desired target on the iakéigid unit, and acquire and guide on
a suitable star. It will then execute an observing sequenicthé spectrograph and imager, read
out the date, determine the quality of the data, and takewis calibration (afternoon dome flats
may also be required on occasion). Moving partsStiiFSare limited to a shutter, filter wheel,
and pick-off mirror (feeding the spectrograph). The elagit components consist of detector
readout (for 4 CCD’s), a shutter, filter wheel, calibratiamps, and status-monitoring. Software
interface to the telescope control system to execute pgraind focus adjustments, and to obtain
information for the data headers and control software valhlecessary. An additional software
interface to the Internet is required to transfer the imaget spectrograph data (at most 64
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Fig. 2.— Measured QE of LBNL red-enhanced CCD: The black solid circles show the measured
QE as a function of wavelength for a LBNL 2Rk CCD. The red crosses shaw-reflectance as a function of
wavelength for the same device. Overlaid on these measuteraee model calculations derived from the known
physical parameters of the CCD’s. Also overlaid as a thigydine is the QE for a good imaging CCD from Cerro
Tololo Interamerican Observatory. The stand&r8V RIZ bandpasses are also shown for reference. Note that this
CCD has enhanced QE in atlonger wavelengths than convahtionned CCD’s due to it's greater thickness (300,
which is fully deleted). The anti-reflection coating is atgatimized for red wavelengths. These devices are free of
fringing, which plagues other CCD’s at red wavelengths. difference betweemh—reflectance and the QE indicates
losses in the polysilicon gettering layer. An anti-reflentcoating optimized for blue wavelengths would improve the
blue performance slightly. AlternativelgNIFSmay use an EEV CCD for the blue channel.
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Mbytes every 10 minutes, and that only during the fractiotimné SNIFSis operating) to Europe
and the United States so that the observing program can lsedeas needed based on the new
observations.

3.3. Technical implementation

The SNIFSinstrument consists of 3 parts:

e The spectrograph continuously cover§’ax 6” field of view with a sampling of 0/4. It
has blue and red channels, which are operated simultaryegaskrating spectra on 2Kk
LBNL red-enhanced CCD’s at resolutions of 4.5 A and 6.6 Apeesively.

e The imager consists of a 2k LBNL red-enhanced CCD with 1&m pixels, which views
the sky surrounding the spectrograph pick-off mirror.

e The built-in guider/focuser consists of a second ident@@D. The imager and guider are
used directly, without re-imaging optics.

IFS channel

The SNIFSIFS is a two-way optical spectrograph equipped with a menreé-array
integral field unit (see Tablg). The blue channel will cover 3500-5700 A at a fixed dispersio
of ~ 2.2 A/pixel, while the red channel will cover 5300-10500 A at sefixdispersion of
~ 3.0 A/pixel. The nominal resolution is set by the pixel sampliagd is thereforé /A ~ 1200.
The two channels can be operated together or separatelgrargplit using a dichroic beam-
splitter with a nominal half-power point at 5500 A. The targgstem throughput is 30% or better
over 50% of the spectral range, and no worse than 10% anywierehe full spectral range.
The integral field unit consists of & x 15 array of fused silica microlenses, and will sample a
6” x 6” region around the target at a resolution of 0.4" per lens&lst optics are all transmission
elements, including the dispersive element which is a iatatnal reflection prism mated to a
grism. The detectors will be LBNL high-resistivity fullyeghleted CCD'’s, of siz048 x 4096,
with high-performance AR coatings. A conceptual drawinghef IFS is presented in Figuge

A computation of the global transmission of the IFS blue adighannels is presented in
Fig. 4. This computation includes (see Figfor details):

¢ the typical Mauna-Kea atmosphere,
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Projet
SNIFS

Fig. 3.—Mock-up of SNIFS spectrograph for UH 88-inch telescopeThe on-axis f/10 beam from the
telescope impinges on a total internal reflection pick-om which directs light into the two-channel spectrograph
The light is then split by a dichroic, sent through customic@tors, grism, camera, and CCD'’s for each of the two
channels. Light not intercepted by the pick-off prism illmaites the photometry camera. The photometry camera
and the spectrograph share a shutter. An off-axis beamiilates the guider camera at all times, allowing fast
guiding during spectroscopy, and focusing or offsettingMeen exposures (i.e. during readout of the spectrograph
and photometry detectors).
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the 3 Aluminium-coated mirror telescope,

the pick-off prism and the input enlarger,

the dichroic, centered at 5300 A,

the field lens and the micro-lens array in each channel,

the red and blue spectrographs, including the collimabtergrism and the camera,

the CCD window and QE (see Fig).

The total throughput of the spectrograph-if5% in each channel.

Photometric channel

SNIFSincludes a photometry camera run in parallel with the spgcaiph (see Tablg).
This photometry camera is designed to allow photometrionadization of the spectroscopic
observations so that spectrophotometric observationbeaitained even under non-photometric
sky conditions, as discussed in more detail in Chapter 4 phlatometry camera and spectrograph
will utilize the same shutter so that observations with biogiruments are guaranteed to have
identical observing conditions. The photometry cameraél’e one or more filters, probably
fixed (TBD). Again, it is likely that an LBNL2048 x 4096 CCD will be used.

A computation of the global transmission of the photomethannel is presented in Fif.
It includes (see Figb for details):

¢ the typical Mauna-Kea atmosphere,
e the 3 Aluminium-coated mirror telescope,

e the CCD window and quantum efficiency (see Fj.

The total throughput is- 50% in in thel/-band.

Auto-guider

SNIFScontains its own guider camera. Most likely a LBNDQ48 x 4096 CCD will be used
as the detector. The guider obtains a panoramic image frachvasuitable guide star is selected.
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Fig. 4.—Transmission of theSNIFS spectroscopic blue and red channels.
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Fig. 5.—Individual transmission of the SNIFS elements,including atmospheredésh-da}, telescope
(long dash, dichroic @dot), grism @dash and CCD f{ull), as well as other barely chromatic elements (POP, enlarger
field lens and micro-lens array, collimator, camerangles.
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Fig. 6.— Transmission of the SNIFS photometric channel. The typical Bessel filter&JBVRI are
indicated.
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Subsequently, a sub-region of the guider CCD centered oguige star is read at a rate of several
Hz and analyzed to provide a signal to the telescope guidesmnA portion of the guide camera
is covered with a cylindrical lense or wedge to provide aaidor control of the telescope focus.

The guider FOV is the same as tBdlIFSimager, 4.8x9.6~0.013 ded. We have explored
at what magnitude there will be an adequate number of guaie st any randomly chosen field.
First we determine the probability of finding no guide statewthe average expected number is
N. That is, to ensure the presence of a star, the mean densstyb@some numbe¥ such that
the probability,P(k, N), of obtainingk = nstars = 0 is less than some acceptable number (say
P =1/1000).P(k, N) is given by the Poisson distributidiv*)e~"/k which fork = 0 simplies
toe V.

Let’s try some values alV:

Here we see that if the mean number of guide stars per fiel@@grthan 7 then blank guiding
fields should be very rare (and never occur for our SNe). Tipeired stellar surface density which
will guarentee that necessary number of stars is therefstarg/0.013 deg~ 550 stars/deg

Star counts from my POSS | catalog of a high-latitude fieldgawen in Table3. A POSS |
plate covers about 40 d&go to reach a surface density of 550 stars/adegneed 22000 stars per
plate. From Tabl& we see that by3 = 17.75 there are enough stars to guarentee the presence of
a guide star. Even for 3 guide stars per field — a surface dewsiich is reached abB = 16.25
— a failure results only 1 in 20 times. Since this failure carpipedicted from existing catalogs,
or theNEAT images themselves, tf&Nfactorycan expect to work with brighter guide stars on
average.

The next question is whether such stars will provide enowgimts for guiding at a rate of
1 Hz or better.B = 0 yields 1461 ph/criis/A, so in a 1000A filter on a 2.2-m telescope with
40% efficiency aB = 17.75 mag star will provide 1765 counts/s. If the seeing has a dsspe
of 17/2.355 = 0.42 then the centroid will be known t.42//1765 = 0.010” in each direction.
(Note that the readout variance might be about 100 countspsd over all the pixels in the
fast-readout box.) This is for an integration of one secdaster guiding should be possible up
until the point where readout noise becomes important, S8y dec. Sky noise would only matter
when the Moon is bright. AB = 16.25 we would obtain roughly 7026 cnts/sec, easily allowing
guiding at a rate of 10 Hz.

If we extend the multi-filter over to the guider (rather thaavé a broadband filter over the
guider), then the bandpasses might be only 400A wide, inlwtase the count rate would be 40%
of the above values. Still, the worst-case centroiding wdag good to 0.016n each direction
for one second integration in this situation. In this aremegnt the red bandpasses wouldn'’t be
suitable for guiding if one were at high airmass, thus thelgts effective areal coverage would
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be about 50% smaller assuming red filters cover about halfeofield. This may be only a minor
problem since fainter guide stars in blue filters could beduaad one has to be at high airmass
with the only available guide star in a red filter. We couldrewgtigate against this by placing
the red multi-filter bandpasses closer to the POP than theerbluti-filter bandpasses so red
bandpasses could be used at high airmass. Of course soraetimrifor atmospheric dispersion
could also be built into the guider software.

The intended operational mode f8NIFSis quasi queue observing. Target coordinates and
exposure sequences are generated automatically. It @patéd that with the telescope close to
the correct nominal coordinates, the photometry/guidereza will provide images from which a
coordinate offset can be computed quickly, and sent to feedepe and the guider to execute.

Calibration unit

SNIFSis also equipped with a calibration unit for the spectrograynich will provide for
spectral flats and arc exposures. Flat-field correctiorfephotometry camera will rely on dome
flats and sky flats. Twilight flats will be useful for both theesfrograph and the photometry
camera, and will be obtained when possible.

4. Complementary instruments

The SNfactoryhas an interest in obtaining observations in addition te¢HoomSNIFS One
overriding concern will be to try to arrange for complemeyt@data streams whose reduction and
analysis can be automated. If is very common within the SNramity to receive offers for a
little help with one object or another, but if hand work is ded for each of these observations it
may actually decrease the overall efficiency and effecégsrof theSNfactory

The complementary observations of highest priority AFEK lightcurves for theSNfactory
SNe la being followed witlfSNIFS These can be obtained using BN factorytime on the
UH 2.2m for brighter SNe la. However, this would then impdiet humber of SNe la per year
that theSNfactorycould study in detail. Thus, other supplementary sourcékieNIR data are
being investigated, with an emphasis on queue-schedutddiés. For instance there may be a
niche forSNfactoryNIR observations at telescopes like Gemini and VLT when #eg) is too
poor for the faint sources typical of most other programs.

Since perhaps only 50% of all optical transients discovangtie NEAT search will be
Type la SNe in our desired redshift range, and because we daméently have access to
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the UH 2.2m every night, there might be a role for a telescopese purpose would be to
spectroscopically screeBNfactorycandidates. Again, a queue-scheduled telescope with a
spectrograph at the ready is called for since spectroscapyines getting the object down a slit
and we are unaware of any other spectrograph with the autahaatuistion system planned for
SNIFS

Other complementary observations will included UV spesttapy with HST, and very likely
spectropolarimetry for bright SNe la at VLT. These are d&hbd programs by scientists at LBL,
which could be brought under the umbrella of Bidfactory NIR spectroscopy is another area in
which theSNfactorymay wish to partner with on-going studies.

Finally, it may prove useful to have the ability to obtainsdacal filter-photometry
lightcurves. Certainly this should be the approach for veegrby SNe la which will be used
for peculiar velocity studies. Such imaging may also helthwandidate screening, possibly
providing color-curves that may help distinguish SN typeBL has for some time planned the
automated operation of a 0.8-m telescope, and there is nod/ g@gress in getting this telescope
working with a thermoelectrically cooled CCD at the DOE's\t@n Hill site in New Mexico. The
SNfactoryalso has on-going discussions concerning the use of YAL@dber at CTIO.



Table 2: Current specifications 8NIFSon the University of Hawaii 2.2 nfi/10 telescope (Mauna

Kea).
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IFS channe

Microlens array 15 x 15
Spatial sampling 0’4
Field of view 6" x 6"

Blue channel Red channel
Wavelength range 3200A-5400A 5400 A
Spectral sampling 2.2 A pix 3.0Apix!
Instrumental dispersionr(,s;) ~130 km/s ~100 km/s
Cross-dispersion separation ~3.8FWHM ~3.8FWHM
Detector Marconi 2k4k  LBNL/UCB 2kx4k
Pixel size 15m 15pum

Photometric channel

Spatial sampling 0714
Field of view 4!8 x 916
Detector LBNL/uCB 2kx 4k
Filter multi-chromatic

Spectral bands

UB,V\R,I

P(k,N)

N o o w2

O O OO o™

1/20
1/55
1/148
1/403
1/1096
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Table 3: POSS B-band Star Counts at High-Latitude
Bmag N N(<B)
6.750 4 4
7.250 2 6
7.750 4 10
8.250 10 20
8.750 9 29
9.250 23 52
9.750 30 82
10.25 84 166
10.75 101 267
11.25 186 453
11.75 268 721
12.25 405 1126
12.75 564 1690
13.25 763 2453
13.75 1072 3525
14.25 1355 4880
14.75 1762 6642
15.25 2298 4060
15.75 2859 6919
16.25 3550 10469
16.75 4265 14734
17.25 5068 19802
17.75 5940 25742
18.25 6853 32595
18.75 6617 39212




Chapter 4

Calibration procedures

The baseline requirement for spectrophotometry for theaBdfy is an internally consistent
extra-atmospheric flux calibration with systematic accyraetter than 1% under photometric
conditions and better than 3% under non-photometric camdit A knowledge of the flux
calibration error on an internally consistent system ig aéxjuired. A derived requirement is
knowledge of whether conditions are photometric or nontpmetric. The flux calibration
systematics requirements apply over the spectral rangeevthe total system throughput is
greater than 20% of peak-8500—10500A), with the exception of the sharp atmosph@yibands
(6900A and 7600A).

The components necessary to determine the flux calibratuade:

t =time
A = wavelength
X = airmass
k(A t, X)) = atmospheric extinction, as a functionft, X

¢(A,
(A,
D(A,

t) = telescope throughput, as a function\ot
t) =
t) =
S(A) = intrinsic standard star spectrum, as a function of
) =
) =
) =

instrument throughput, as a functionft
= detector quantum efficiency, as a function\of

s(\, t, X)) = observed standard star spectrum, as a function ofX
F(\) = intrinsic field star spectrum, as a function of
f(A t, X) = observed field star spectrum, as a function of, X

S(A) is given by published spectrophotometry of standard steispossible that these published

58
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Mauna Kea Extinction Curve (from CFHT)
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Fig. 1.— The extinction, in magnitudes per airmass, typiddauna Kea.

results contain systematic errors which exceed the deSidctory spectrophotometry absolute
calibration budget. At this stage nothing can be done alhasitthus only an internally consistent
calibration budget is specified.

Atmospheric extinction can be decomposed into contrilmgtipom Rayleigh scattering,
aerosol scattering, ozone absorption, molecular oxygearahion, water absorption, and water
scattering. None of these components can be considerethogriaut a great deal is known about
the typical spectral and temporal behavior of these commsrfeom calculations and monitoring.
According to the GONG site survey (Hikt al. 1994), the extinction at Mauna Kea is among the
lowest and most stable of any astronomical site. The averptieal extinction on clear days is
0.074, with a dispersion of only 0.015. The power spectrutnasfsmission variations measured
by GONG during clear days follows the relation

(AI/1,)* = (v/107 530 [ 2) =130 (4.1)

wherev is the time frequency in Hz. This implies variations of 0.4%6tomescales of one hour
and variations of 1.7% over the course of a night. At La SBarki, et al, 1995 found that the
total U-band extinction is correlated over a period of several @gabthat over one night the

autocorrelation drops by only 5% (implying a typical 2.2%i&#8on in extinction). These data
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indicate that~1% extinction variations can be expected over the coursectdaa night, even at
the best astronomical sites.

A closer examination of the following extinction componeig needed to help clarify the
source and spectral characteristics of such extinctioatans:

Rayleigh scatteringExtinction due to Rayleigh scatteringy, is known to followaz =42,
wherex ~ 0.04 is a very small correction to the canonical law. Rayleightecang dominates
the extinction at most wavelengths under photometric d@rdi. oz depends on the molecular
scale height (roughly 8 km) which depends on altitude, andieakly varying parameters like
temperature]’, and pressure?.

Aerosols:Extinction due to aerosol scattering,, is generally the second greatest contribukgr.
is often parameterized as\” (Angstrom 1961).y can vary widely, as shown in Fig. 2, using
observations from Mauna Loa. depends on the particle size distribution of the aerosdié;hw
shows variation with the source of a given mass of air and bange appreciably after significant
volcanic explosions. Burket al. 1995 determined = —1.39 for La Silla using nights of low
extinction. My modeling of the Mauna Kea extinction curvéngslibRadtrans indicates that a
simple power law is inadequate to describe the aerosolestajtat that site. The aerosols on
Mauna Kea are likely a mix of sea salt and volcanic dust froensiiimmit and/or nearly islands
(“vog,” as it is known in Hawaii). The strong temperatureension layer below the summit helps
to keep a significant fraction of aerosols below the sumngatt®ring (but not absorption) by
suspended water droplets is generally included in the aksoattering budget.

Water vapor and iceThe extinction due to absorption by water vapor or cloudso . is
generally absent or weak weak expect at a few wavelengthvaigein the red. The night time
scale height forZ,O is roughly 1 km. CSO monitoring indicates that, o , easily varies by
factors of 2 over a few days (outer quartiles at 1.7 and 5.9 rinwater), and by several tens of a
percent during a night on Mauna Kea (see Figs. 3 and4), s only need be considered when
clouds are present. It will be very time-variable as clouassthrough the field of viewky, o s

is spectrally neutral according to theory due to the largalmer of random scatters in large water
droplets or ice crystals.

Oxygen:Extinction due to ozone absorptioky,, sets the UV limit for terrestrial observations,
but is generally smaller than Rayleigh scattering over nobshe optical spectrumko, has

a spectral shape which is well known, but it's amplitude hessenal variations and it is also
reported to vary on timescales of hours (Hayes & Latham 1998i)ly Os; observations covering
1966—2000 from Mauna Loa have a dispersion of 7%, with peaseiak variations of 36% (see
www.cmdl.noaa.gov/dobson). A histogram of daily Mauna baane column values is shown in
Fig 5. O, also produces absorptioky,, which results in the A and B band absorption features.
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Fig. 2.— The variation in the Angstrom aerosol extinction parameter -, measured over
Mauna Loa in 1999. The central bar is the median, the boxesaldfie 25—75% range, and the outer
whiskers denote the 5—95% range. Note that the Angstrom reqgoin this graph is equal te-y. (From
wwwsrv.cmdl.noaa.gov/aero/net/mlo/datacheck_mlo.htm

These are strong but narrow, and their shape is well known.
It is generally assumed that extinction sources follow teel8-Lambert relation:
[obs = [truee_kX (42)

so the relation between the true spectrum of a st@x), and its observed spectrug(\, ¢, X) is
given by:

SO 1.X) = 90, DEN DDA, DS(A) exp[=X 3 k(A1) (4.3)

Exceptions includé,, which goes as(®-5°, but this contribution can be easily determined from
spectroscopy since it is so spectrally isolated. Assuntiagthe Beers-Lambert relation holds,
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Water vapor distribution for Mauna Kea (CSO 1997)
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Fig. 3.— The frequency distribution of water vapor typiceMauna Kea.

the total extinction can be written as:

k(X t) = kr(\) + ko(A) + kos(N) + k0,0 A) + Ery0,5(X) + ko, (A)

= ar()A + aa (A7 + a0, (t)70,(A) + amo(t)TH,0(A) + aaaraa(N)) + ao, (t)70,(A)
(4.4)

The functionsr;(\) represent the spectral properties of those extinctiongevhich are somewhat
complicated, but which are known from external measureméwbte here | have separated the
H>0 into a “normal” component which includes only absorptiond @ “cloud” component. The
scattering due to water vapor is not included in the “norncalfhponent since it is is already
accounted for in the aerosol-scattering term. The “cloeditaccounts for scattering by water
and ice in cloudsr,, can change slightly depending on the ice/water fractiomefdouds, and
further work is needed to characterize such changes. Additiabsorption by water vapor in
clouds is accounted for in the above scheme by the “normaiémeamponent.
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Water Wapor
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Fig. 4.— Representative Mauna Kea water vapor monitor nggglifrom CSO.

1. Extinction Correction under Photometric Conditions

When conditions are photometric|s isotropic on the sky and has no time dependence. In
this casek()\) = 37 ki()\) can be solved for in Egn. 2 by observing the spectrsi, ¢, X ), of
at least two stars with known intrinsic spectrufi{). This statement implicitly assumes that the
combined response of the telescope, instrumentation, etedtdr, given by:

C(\t) = oA\ H)EN t)Ds(A, t) (4.5)

is constant in time. That is, it is assumed that\, ¢) = C'(\), an issue which will be discussed
below.

If k()\) is solved for at each wavelength, it is not necessary to aéterthe individuak; ()
values for each extinction component. Howevefk;(ik) must be smoothed due to low S/N or
other reasons, then the relative contributions of the sm@at, k., ko..kn,0,s) and structured
(k#,0.4, kKo,) components must be determined separately. Most reduttethods do this in an
approximate way by only separating,o , andko, at wavelengths were they are very large,
and including spectral regions where they are not so stmorid calculation of the smooth
component.

It will be useful to verify the above parameterizationkaby decomposition of the SNfactory
observations of spectrophotometric standards. This isdinde because the relative contributions
of the various components vary with wavelength. Table 1gthe relative contributions to the
total extinction (mostly from La Silla); several key wavedghs at which a given atmospheric
component will be most easily separable have extinctionesindicated in bold.
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Frequency Distribution of Ozone above Mauna Loa (1966—2000)
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Fig. 5.—Histogram of Ozone over Mauna Loa,measured in Dobson units. Values are based on daily
observations since 1966.

Table 1 is also useful for identifying the extinction compats which must be well-
determined to provide better than 1% flux calibration. Fetance, at most wavelengthg
dominates and must be well-determined. Fortunately thexdehof kz(\) is well known.

k., must be determined to better than 10% (meaning constramk®tha, and~), while the
amplitudeao, can be uncertain by 20%, before these sources cause anygiappeerror. H,0O
andO, must be determined very well (1%), but only at certain wavglas where they are well
isolated from the other components. A great advantage owgtirey work in this area is the large
simultaneous wavelength coverage the SNfactory speeipbgwill provide.

2. Extinction Correction under Non-Photometric
Conditions

Two levels of non-photometric conditions can be defined:

Mildly non-photometric conditionare defined to occur whehis neither isotropic nor time
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invariant, but before the formation of any visible cloudse$e conditions can occur for a number
of reasons, most notably a transition from one weather sysieanother during which the aerosol
content and composition, water content, temperature, eggspre are changing. (Note that the
arrival of a new weather system changes temperature ansupegsvhich should therefore be
routinely monitored as a clue that conditions may be nontgrhetric.) These conditions can
also occur due to sinking of the aerosol layer (whose scailghhis typically only~1.5 km),

and to a lesser degree the molecular layer (having an 8 kra-beaght), during the night as the
atmosphere cools.

Strongly non-photometric conditioase defined to occur whenever clouds of any kind are
present. Since efficiency decreases quickly with cloudcaptiepth, the only situation under
which fruitful observations might proceed is for thin csralouds. In this situation, the scattering
properties of clouds enter into the extinction throdgho ;. As mentioned beforé;y, o s is fairly
gray (spectrally neutral).

Under mildly non-photometric conditions where temporadl @patial variations irk
consist of large pockets of air, as with different weathestems, then the observations of
spectrophotometric standard stars close in time and slfitotto the observation of program
objects may allow localized correction for extinction. QOrifinately, the accuracy of this
approach is difficult to verify, since the location and temgdwariations ink are not knowra
priori. With sufficient observations, trends in the standard dvgeovations can be examined
for evidence of smooth changes or an isolated transitionme br sky location. Only under
these very simple situations can calibration exclusivetyrf spectrophotometric standards
hope to be sufficiently accurate. Under strongly non-phetoim conditions, observations of
spectrophotometric standards is only of value of detemginihe relation betweehy,, , and
ku,0,s- Therefore, additional methods are needed in order fouliséServations to be obtained
under non-photometric conditions.

Table 1: Extinction components per airmass at various veanghs

A Rayleigh  Aerosol Ozone Water 02
Scattering Scattering Absorption Absorption Absorption
3460 0.500 0.049 0.020 0.000 0.000
4000 0.275 0.041 0.000 0.000 0.000
5800 0.062 0.025 0.023 0.000 0.000
7600 0.021 0.017 0.002 0.000 0.6
8500 0.013 0.015 0.000 0.000 0.000

9300 0.009 0.013 0.000 0.35 0.000
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2.1. The role of a parallel imager

With the advent of CCD'’s, imaging follow-up of variable e¥®such as supernovae has
exploited the fact that over small fields of view non-phottmeeconditions tend to uniformly
depress the flux from all objects in the field. Thus, non-\@eabjects in the field can be used
as comparison objects, and once the brightness of such csmpabjects is determined under
photometric conditions, the relative brightness betwéertarget object and comparison objects
can be converted to an absolute flux. There are potentialggrsbwith this approach, namely the
issues of whether the non-photometric conditions reaklycanstant over a field, and whether the
non-photometric conditions have a reasonably neutratspacso that the scaling does not depend
on the spectrum of the comparison stars. The constancy oiiirgohotometric conditions across
a field can be determined directly by comparing the variaitioscaling determined using field
stars observed during both photometric and non-photoo&tnditions. Thus, this uncertainty
can be built directly into the error budget. For long expesuga range of cloud patterns should be
swept across the field of view, so most variations shouldd®&lglvarying across the field.

Most SNfactory supernova fields will be visited many timex] aonditions can be expected
to be photometric for some fraction of those visits. In matr, the visit during which a final
reference spectrum is obtained can be chosen to occur dafimigmetric conditions since it is
not time-critical.

The imager will observe many stars surrounding each suparrhe intrinsic spectrum,
F(\) of these stars is unknown and some fraction of them may bahiati The observation of
starn, f,(\;, t, a,0) can be presented as

oo t+At

5
fa(Aist, @, 0) = / / (A )N, (N E)Dr(A 1) F () exp[—X Z ki(A\t,a,6)]dN\dt  (4.6)
0 t v
Where the imager instrument responSe(\, t), is dominated by the response of a chosen filter,
denoted by its central wavelength, Since parallel imaging is only of value for photometric
corrections of observations are obtained a precisely tme $ane as the spectroscopy, we assume
that the intervat to ¢t + At is identical for both instruments and useto label the observation at
epochj. This necessity leads to a derived requirement for commaymchronized shutters for
the spectrograph and imager.

Assuming that the extinction is constant over a very smatltpaf sky surrounding the
supernova and observed by the imager, and using the ind&xlabel the field, one can write:

fn,Ai,t]-,xk - fn,)\i,tj (OZ, 6) (4'7)
Thus, for each star in a field the variation at a given waveledgring the course of epochs is
mapped out. Since some observations are obtained duririgmpbtric conditions, the absolute
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brightness of each star can be determined and subtractecktthg absolute variation:

Afn)\i,tj,xk = fny)\iﬂijxk — Jfaxiapscorr (4.8)

where corr denotes a flux corrected for extinction under photometricddmons. The
measurements for all the stars observed in one image camid@reed, to give:

N
-— 1
Af)\i,tj7:ck - N Z Afn7)\i7tj,zk (49)
n=1

Clearly these values (xfs—fkhwk provide some indication of the extinction variations oves t
wavelength span of each filter, and for a set of wavelengtbsldigive some information on the
extinction which applied to the contemporaneous and nearspatial supernova observation.

However, there are two problems here. First, note that witlkeaplicit knowledge of the
A-dependencies of the other terms in the integral of Eqf), §, ...~ can not be calculated using
Zf’zl k;(\) determined from spectrophotometric standard star obseng Instead each field,,
would have to be followed as a function of airmass on a photeowght so thatf,, 5, .o On the
instrumental system of the SNfactory imager could be datexdifor each star in that field. Such
observations could be done quite easily, but at some losks#freing efficiency on photometric

nights.

Second, with a single filter, only the average extinctiorrecion over one wavelength
interval is being measured at the time of the supernova easen. Given the earlier discussion
showing that extinction has multiple components which dicseale together, such a measurement
could only provide an average correction for the portionhaf $pectrum covered by the imager
filter. Extrapolating to other filters would be difficult, bubdt necessarily impossible. For instance,
in the case of increased water vapor due to incipient cioms,could imagine monitoring a water
absorption band to estimate the column of water. The saajteomponent due to water will
only become gray once clouds actually form since multipltecing is required, however, by
spectrally monitoring a standard star under such conditiarmapping between the water vapor
absorption and the extinction should be found and used fwection purposes. (As discussed
earlier, water scattering depends somewhat on whether gateice or liquid form, and on the
circumstances of ice formation. Thus, any such relationlvbave an associated uncertainty
whose expected size is not known at present.) Similarlyngésa in aerosol content can be
important contributors to non-photometric conditions am& could imagine monitoring one
bandpass to detect chang®ks,, in the aerosol content if water vapor and other contritsiogre
stable. Of coursé, depends om, and~, so it would be necessary to assume a value of
order to extrapolate to other wavelengths. A typical vahra(dispersion) fory would be known
from spectrophotometric standards observed under phatizroenditions, however, Fig. 2 shows
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that this parameter isn’t necessarily that stable. Knogdeafy to +-0.2 is sufficient to keep the
calibration uncertainty below about 1%, for typiéal

Since extinction correction using monitoring one one wergth is not necessarily sufficient,
a solution for this and the field-star calibration problenii mow be addressed.

2.2. Multicolor field-star monitoring

One might imagine simply expanding the above approach tadeanultiple filters. Since
the observations must be taken simultaneously with spsmipic observations, an imager would
have to monitor different stars in a field using a single neolbr filter (e.g., a series of adjacent
filters close to the focal plane). By covering the entire cgdtspectrum with filters, one would
obtain the correct mean scaling for each portion of the demelous spectroscopic observations.
However, even such full-coverage multicolor monitorindl wot provide sufficient information
to perfectly remove extinction since the different extiaostcomponents do not vary together.
The uncertainty in this approach is difficult to predict besmit depends on details of how much
different extinction components can vary. In regions ueettd by water absorption, this approach
might work rather well.

Table 1 and the previous discussion suggests a means ofrigehk degeneracy amongst
extinction components present in single-band or evencimierage multicolor monitoring under
non-photometric conditions. Namely,ﬁ—f&,tﬂk is determined at wavelengths where each
extinction component dominates, the parameterizationgof £could be used to determine the
correct extinction to apply to the spectroscopic obseovati Monitoring would have to occur
at all \; at the same time in order to account for variations of all tkienetion components.
The parameters to be determined agét;),a,(t;),7(;).a0,(t;), andam,o(t;). It is probable
thatao, can still be determined using spectrophotometric stanskardobservations, even under
non-photometric conditions, so it is not included here. iels of this type are routinely used in
remote sensing experiments.

Simulations indicate that the basic principle should wétlck Kessler useg? minimization
with MINUIT, along with O, and HO templates (provided by G.Aldering) and ap ®©mplate
from libRadtran v0.15 to simulate extinction retrievalrfrahe SNIFSimager. The function to
minimize within one field is

) Lia, — [ dAAF,(N)éEx, (N Tam (M)
X:ZZ[ J (N)Ex M) Tagm (M)

. (4.10)

O-Is,)\i

where/; is the observed flux of stas™ through filter “”, F(\) is the flux vs. wavelength of
the star as would be observed from above the atmospheren(utling the telescope collecting
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area){,, () is the response of filtercentered at wavelength) (including detector and telescope
wavelength response) through which stas measured/,,, () is the atmospheric transmission,
which contains the; parameters that we want to extract, angAi is the uncertainty in the flux
measurement.

The stellar spectré;(\) are the only unknowns besides thhe We do not need precise
knowledge of the star spectra, so we assume that at one péwiocelibration epoch, the entire
field is measured with the filter bands moved one step to theahef one step to the right. This
gives the star fluxes in three neighboring filter bands, eximeghe stars at the edge which are
measured in just two filters. With determination@f,, () from spectrophotometric calibration
taken at the photometric calibration epoch, we can extractecF, (\) for the field stars observed
at the photometric calibration epoch. Another way to thifkhis is that all absolute quantities
can be converted to ratios relative to a (spectro)photoonatght.

A simple simulation is used to generate 50 stellar spectpge(Tilter) for one field of view.
Each star is picked with a random temperature and a black-bpectrum is generated. The
field of view filter data are simulated 50 times, and each tinea:f are randomly picked from
a Gaussian centered at 1.0 with 5% width. The randpsimulate the different atmospheric
extinction for each measurement. For the first measurerakof,theq; are set to 1.0, so that the
goal is to find the relative changes in the Telescope properties are ignored ang-= 1.

The result is given in Fig, which shows the precision (RMS) on the atmosphere trarssoms
as a function of wavelength. The precision is well below tterall 1% error budget, except for
wavelengths in the UV below.35 um. Seven filters works better than five filters, particulatly a
higher \; the strange 7-filter bump &t6 ym could be due to the Ozone uncertainty, or due to a
strange fluctuation with the stars in that filter.

These preliminary simulations are encouraging, but thieiahg caveats need to be
addressed in future work.

e Within a filter band (.2’ x 5’), are there really enough stars with sufficient magnitude to
measure the average flux with a precisiod %f//7 = 0.4% ?

Statistical fluctuations ... what happens when there angbaol 2 stars in a filter ?

The “known” k;(\) functions may not really be known exactly; additional pagtens
that describe the extinction functions may also have to flo#te fit, and will reduce the
precision. These extra parameters are likely to inclufle aerosols, and for Rayleigh.

How well do we [have to] know the referenag?

Stars are not black-bodies; realistic spectra should be inghe simulation.
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The above analysis shows that in principle the approprigti@ction as a function of
wavelength can be determined from multicolor photometrfiadél stars takesimultaneously
with spectrophotometric observations of a program objadien non-photometric conditions.
This method can be tested directly using such observatibsiseztrophotometric standard stars.
More extensive Monte Carlo simulations, and up-to-dategii®n spectral functions, are needed
to validate the above analysis and to determine the bessf{tentral wavelengths, widths, and
shapes) for the multicolor field-star monitoring.

3. The need to monitor system stability

So far it has been assumed that #@, t), £,,(¢), andD; (), ¢) are constant over the entire
one year period during which each supernova is observededfer, even if parallel multicolor
field-star observations are obtained to determine the &idim the zero-point of the spectrograph,
£(\, t), and the detecto)s(\, t) must be known in order to obtain spegifmtometryfrom the
extinction-corrected spectra.

Before exploring a solution, the possible sources of za&iotgchange should be discussed.
First, the telescope optics will collect dust and undergawing and recoating. Dust accumulation
alone can amount to 0.001 mag/day. The imaging filterst) will have bandpasses that shift
with temperature (and possibly humidity), and they willfsufdegradation over time. The
spectrograph optics should be fairly stable, however thirdic beam-splitter can be expected
to show changes with temperature, and to degrade over timallys the Q £()\) for the CCD
detectors Ds and D;) will depend on cold-head temperature, and outgassingeiméwar will
result in slow condensation of contaminants on the faceeti#tectors.

In the case of the spectrograph, regular observations atrgpdotometric standards on
photometric nights will measure the proddét(\, t) = ¢(X, t)E(A, t)Ds(A, t) directly. Thus,
if all sources of drift in the spectrograph zero-point areyvaow, and photometric conditions
occur sufficiently often, it may be possible to traCk(\, ¢) for the spectrograph reasonably well.
Sufficient standard stars will have to be observed to evesrtasc whether or not conditions are
photometric, unless there are other constraints on vansinCs(\, t).

An approach using standard stars also might be consideredgamager. However, since
the V’s result from integrals over the spectral response of thagen and the unknown spectrum
of the monitoring stars, shifts in filter wavelength — nottjmero-point shifts — become an issue.
In the parlance of ordinary photometry, this problem is oha changing color term. In ordinary
photometry, color terms are constrained by observatiotians raving a wide range of spectra
(colors), and such an approach might be possible here.



74—

The careful reader will have noticed that with each new negnient needed to enable the
use of non-photometric conditions, more and more of thewbsgtime when conditions are
photometric must be used for calibration. If calibration c&t be done very quickly, observations
described in this section will represent an undo burden.edeer, the frequency of photometric
conditions compared to expected changes in zero-pointga@iod-terms is not yet known; if
changes are fast compared to the frequency of photomegitsiihe calibration plan for using
non-photometric nights may fail completely.

Young (1975) recommends that all precision photometryesgstbe monitored for stability
using laboratory sources. This seems to be exactly whatjisrexl here. Since we are concerned
with changes in both zero-points and color-terms, one mwwtould be to observe artificial stars
produced by a suite of two or more stable lamps having diftecelor temperature. The telescope
responseg(\, t), is common to both the spectrograph and imager, and providedeasonably
stable, the main outstanding calibration that is neededaislietween the spectrograph and the
imager.

3.1. Imager-to-Spectrograph scaling

In principle, a reference lamp observed simultaneousl Wie imager and the spectrograph
will give the relative response of the spectrograph and endgnagine that the response of filters
or spectral elements change only by scale factogs,defined as follows:

Cr(\tj) = ac’]7tj6[()\) (imager) (4.11)
Cs(A tj) = acgyy,Cs(N) (spectrograph) (4.12)
L(\tj) = ozL,t].Z()\), (4.13)

whereL(\) is the lamp spectrum. Simultaneous observations of the iaithpthe imager and
spectrograph at epoeh, O;(t;) andOs(t;) are given by:
O[(tl) = /achtjﬁf()\)ozL’th()\)d)\ (414)
0
Os(t1) = acgt,Cs(Mo)ars, L(A), (4.15)

where) is arbitrary in this formulation. The ratio of these measoeats yields:

oy _ ] e TiNes N TN

— 4.16
Os(t1) acet;Cs(No)ary, L( o) L(Ao) (4.10)
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The values ofy,; thus track the relative sensitivity of the imager and speggtph for any
combination of imager filter and spectrograph wavelenggt{although it will be most sensible to
compare at similar wavelengths, as will now be shown).

Of course it is likely that changes in the lamp spectrum wiltur at different epochs unless
care is taken to stabilize its response. How well must thelapectrum be stabilized? Following
King (1952), the above integrals can be expanded as a Tegl@ssn derivatives of the lamp
spectrum. The expansion is taken about the wavelength viditte 1st moment of the imager
response (filter plus detector):

acy, [ACTN)AN [ XTr(\)dA
Ao = 1 = Ooo_ = Ooo_ (4.17)
Oécl,t]. fC[()\)d)\ fC[()\)d)\
0 0

(Note that\, is immune to scaling changes in the imager response.)

The expansion given by King results in:

O1(th) ~ acy, (L()\O) / TV + d[;l—&” / (A — 20)Ts (VA + %d dLA(j) / (- )\0)201()\)d)\)
O : : (4.18)
o0 2 o0
R ey, (L(Ao) /UI(A)dA + %ddL)\(j\) /(A - )\0)201()\)60\) (4.19)
0 0
Gy, (L()\O) y <d dLA@) |)) | (4.20)

wherep, is the 2nd moment of the imager bandpass, and is defined in aananalogous tp;.
Note that the definition ok, forces the 1st order term in the Taylor expansion to zero.

Now the earlier expression for the relative scaling of thager and spectrograph can be
rewritten as:

Or(ty) . L)+ 3083 (%(”\) . 1 1 d®L()\)
Os(t) ! Z0v) - (”5 g<L<Ao> e )) #21)

Here it is made clear that the observed flux rafig(t,)/Os(t1), tracks the relative response of the
imager and spectrograph only if the normalized 2nd detieati the lamp spectrum at the filter
wavelength)\, is very small or the same from epoch to epoch. Therefore, @ laith a linear
spectrum (in photons), or a temperature-stabilized lanmg@qgaired. Since linear spectrum sources
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aren’t available (to our knowledge!), the required temperastability has been investigated.
For a filter havingu, ~ 400A, a NIST-calibrated FEL lamp stabilized at a color temperat

of T' = 2856 + 8K (see Fig. 6) is just sufficient to keep color errors below 0&&wss the
entire optical spectrum (the most stringent constrainbiis\f < 4000A). A warmer lamp, with
T ~ 5000K, would have an even smaller sensitivity. The ability to krttte relative response of
the imager and the spectrograph leads to a derived requitdorea stabilized lamp, preferably
having as small of a normalized 2nd derivative as possibtaadhe stability ofu, is not a factor.

3.2. Imager wavelength shifts and bandwidth changes

In the above discussion, a characteristic wavelengthyas defined for each imager channel.
For all glass and interference filters the characteristitdpass is dependent on the ambient
temperature. The wavelength response of the CCD can alsgelveith operating temperature.
The best solution for the latter problem is to stabilize #mperature to the requisite accuracy,
as determined from laboratory tests. This leads to a deregdirement for laboratory tests of
dQE(X,T)/dT for the CCD's, and temperature stabilized to the necessamyracy (TBD).

The bandpass shifts for high-quality interference filtarsye from 0.015 nm/K to 0.025 nm/K
across the optical. Colored glass filters have larger teatpes coefficients, and so should be
avoided for these purposes. Although the Mauna Kea site dad igmperature stability, it seems
sensible for the calibration procedure to be able to hartteges oft 10 K. Filter temperature
stabilization is possible, but presents a heat source imrtaging plane and thus may degrade the
image quality. From Eqn. 23 we see that a shift in wavelengidyces a term

Ao (4.22)

For a NIST FEL lamp this amounts to no more than:
AO;(t1) = Gc,1,0.03nm™ " AXg (4.23)
and for the temperature coefficient of a high-quality irgeghice filter this becomes:

AO;(t1) = a¢,,,0.03 nm~ ' 0.025nm/KAT (4.24)
= G,,,0.00075 K AT (4.25)

Thus, a+10 K temperature excursion can produce a calibration error abuip0.75%, which

is just at the level of being problematic. Fortunately, thterfitemperature coefficient is only
0.015 nm/K in the blue, where the normalized derivative ef HEL lamp is largest, and so the
expect error is more like-0.45%, which is acceptable.
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Note that a wavelength shift for the imager will also chartgelf’s, which must be stable
over a period of 1 year. The effect on thes will depend on the normalized slope of the star
spectra. Thus, monitoring filter bandpass wavelengths hapes should be chosen to give an
imager response which is not effected by strong stellarrghiso features. Unlike the case with
the FEL lamp, different stars will present normalized datiikes with different signs, and so
systematic errors in th&’s could be small. This must be verified with simulations gsiealistic
imager responses and stellar spectra.

A more proactive step would be to use lamps at two (or mord@reifit operating
temperatures to directly monitor the change in imagertspg@ph flux ratios as the normalized
derivatives are changed. One lamp would have to be veryestabthe reasons already cited. The
normalized derivatives of the second lamp could be caklorasing the spectrograph observations
of the stabilized lamp, and so they too would be known. It widag preferable to obtain a lamp
temperature giving derivatives with opposite sign to a NFHL lamp. This requires a much
hotter operative temperature, or perhaps a Cerenkov seuateat that discussed by Young 1975.
An alternative would be to place a gently sloping filter inrfrof the FEL lamp; drift in this filter
would not be an issue since it's response would be calibnadety spectrograph observations
of the lamp with and without the filter. Melles Griot sells footemperature conversion filters”
intended for just this purpose. Sin€g/Os also depends on changesgi the filter width can be
monitored independently of scaling and wavelength shdtsecond color filter is added.

3.3. Location of photometric calibration sources

From a calibration point of view, it would be best if calidoat lamps used to internally
monitor the system were observed through the entire systerluding the OTA. With a
calibrated NIST FEL lamp, such observations would provigedorrect wavelength-dependent
flux calibration for the spectrograph, which is highly dabie both as an aid in data reduction
and as a check on external wavelength-dependent flux datibr@vithin a scale factor) from
spectrophotometric standard stars.

In this case, the telescope would have to directly view afi@al star constructed using a
NIST FEL lamp and located on the dome. The standard procedullaminating a dome flat
screen might work if a spectrally neutral screen materialtwafound. Of course in this case
the absolute calibration of the NIST FEL lamp could not belexed. Also, at this location,
calibration observations would require that the telesdmpepen and pointed at the artificial star
or screen. This may present operational difficulties, défigovhen such calibration observations
can be obtained. The advantage of this arrangement is thheapectrograph and multicolor
imaging observations can be obtained simultaneously \Weghnulticolor filter in its regular
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observing position. No instrument modifications would beassary since the normal observing
arrangement would be utilized.

If operational difficulties — or problems implementing aregdate artificial star or dome
flat screen — prevent use of a totally external lamp, theiveatager/spectrograph calibration
can still be obtained internal to the SNfactory instrumdrtitis would require a beam splitter to
direct the already-required spectral flat lamp to send liglthe imager. The multicolor filter in
the imager would have to be rotated in partial steps so tlabéam-split light can be directed
through each filter sequentially. Additional flat lamps olocdaemperature filters should then be
added to the spectrograph calibration assembly.

Note that since a temperature stabilized lamp is a good eHoicthe spectrograph flat
lamp, and since a beam-splitter is as simple as a mirror ®faimp pick-off mirror, it seems
straightforward to implement the minimal internal flux @aéition equipment within the SNfactory
instrument. An external flux calibration module can then besped separately.

4. Multicolor imaging implementation

For a 2k<4k CCD with 15:m pixels on a 2.2-m /10 telescope, the field is'&12.7. A
5-color filter (e.g., at wavelengths similar to those giveable 1) would partition the field into
2.4 x6.1 regions. At the north Galactic pole about 6 stars are exgenota region this size down
tomgr = 19.5. At R-band, the brightness of the faintest of these stars sh@utddasurable to a
few percent on a 2.2-m in a 300A-wide filter in a 500 second swp®(the latter being typical of
minimum spectroscopic exposures) for typical Mauna Keanged herefore, the surface density
of useful stars is more than sufficient to overconstrain #rees of equations needed to solve for
temporal extinction variations.

A combination of observations of spectrophotometric staddtars and internal calibration
should allow SNfactory calibration systematics to be keglbWw 1%. Reliance on only
spectrophotometric standard stars will consume a norigielg portion of observing time and
is useful only under photometric conditions. We do not yedwrhe fraction of nights that are
photometric to 1% on Mauna Kea, nor do we know how extensieetspphotometric standard
star observations must be to reliably establish a giventragtphotometric to 1%. Given these
unknowns, and with an eye towards saving precious obsetwirgg internal calibration should be
provided to track sensitivity changes in the instrumeaotati

Further observing time can be salvaged if non-photometgicta can be used. A method to
determine the extinction correction to apply to the speciopy using simultaneous multicolor
imaging of nearby field stars appears feasible. This metladraquires an internal calibration
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capability utilizing a stable lamp. The internal calibaatiis better able to characterize the imager
if a filter to modify the color-temperature is available. {@hatively a very blue lamp would
work.)

These, and related derived requirements include:

A) The ability to determine whether or not a given night or #aranterval of time is photometric
is required.

B) On photometric nights (estimated 50% of total), spediaipmetric standard stars must be
observed close in time and sky location to target supernswaleat correction for atmospheric
extinction can be determined. (Number, airmasses, andrapgges TBD.)

C) The optical telescope assembly (OTA), instruments aenl tietectors must be stable over the
course of one week, as sufficient observations of standarsl &t constrain both atmospheric
variations (non-photometric conditions) and instrumewaiations will not be possible.
(Limits on stability TBD, but expected to be 0.5%.) If these specifications can not be met
and validated, accurate internal calibration must be piexi An internal calibration method,
possibly exclusive of the OTA, is described in this document

D) On non-photometric nights a mechanism to determine thetsgd scaling needed to correct for
non-photometric conditions is required. A suggested smiuising simultaneous multicolor
imaging of field stars surrounding monitored SNe is desdribehis document.

E) Laboratory tests dlQ E (A, T')/dT for the imager CCD, and temperature stabilization of the
CCD’s to a TBD accuracy.

F) The ability to internally monitor imager wavelength shidnd bandpass widths is desirable.
Lamps with additional color temperatures, or color tempegafilters, could be used for
this purpose. Such lamps would have to be observable withrthger and spectrograph
simultaneously.

G) The imager and the spectrograph must have a common slatsgmnchronized shutters. This
is required so that atmospheric and calibration conditeoesdentical for both instruments.
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Chapter 5

Operating mode

1. Detection

The Nearby Supernova Factory will find hundreds of supera@gear by using images
from automated nightly asteroid searches. We are curramitpllaboration with the Near
Earth Asteroid Tracking (NEAT) group, based at the Jet Pisdpn Laboratory (JPL). They are
conducting asteroid searches at two telescope, the 1.2n8NME&&scope at Haleakala, Maui and
the 48” Oschin telescope at Palomar Observatory.

In their quest for asteroids, the NEAT group scans the skiesyenight and looks for
objects which move over the time scale of an hour. They tateetimages of a given field in the
sky, spaced fifteen minutes apart, and search for objectshwhove by more than a couple of
arcseconds over this period. They do this for hundreds afdieVery night. This strategy enables
them to find hundreds of asteroids in the main asteroid beltiosolar system.

We use this data and compare the old (“reference”) and nexafts”) images of the same
field spaced weeks apart by subtracting the reference inmagethe search image and looking
for the objects which remain.

Fig. 1 shows an example of this process for a supernova in the NEfsseia 2001dd.

The subtraction step must be done with care. The computera gephisticated suite of
image tools to do a good job with this, but until the preseatéhremains a significant amount of
human interpretation to tell the good supernovae candideten the bad.

The specific details of implementation described belowyppbur current plans and setup
as of Spring 2002.

Starting in August of 2001 a systematic search for supenbea been carried out with the

82
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Palomar 48” Oschin telescope. The NEAT group, has outfitiedtélescope with an automated
system for control and observations and has added a 3-chHipda@era at the spherical focal
plane at the primary focus of this Schmidt reflector.

1. Obtain Reference Image

2. Reference Data Processing/Reduction

3. Obtain Search Image

4. Search Data Processing/Reduction

5. Subtractions

6. Automated Scanning

7. Human Scanning

8. Cross Checks

9. Obtain Confirmation Image

1.1. Reference Image

Using a dedicated telescopEAT takes many images of the sky during the night over a
range of RA and Dec. ldeally the fields obtained cover som@lsimectangle on the sky to
facilitate later searching images and to provide a com@et®f references for future searches
in later years. All sky fields are covered in at least threenexpes spread over approximately
an hour. For theNEAT groups’ purpose this spacing in time is to search for asderdror our
purposes this helps us eliminate those same asteroids amiditaize the contamination due to
cosmic rays.

1.2. Data Transfer from Palomar to LBL

The data is obtained from the telescope and stored at Lawi@exkeley Laboratory (LBL)
on the National Energy Research Supercomputing Center 8@ERligh Performance Storage
System (HPSS). From there it is transferred to the Paralltibuted Systems Facility (PDSF).
This cluster comprises approximately 200 Dual 1 GHz PIII R@k 2 Gigabytes (GB) of memory
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and 50 GB of scratch disk space each. Processes are scheduleel cluster using the Load
Sharing Facility software package.

The data is uncompressed, converted to the standard asticald-ITS format, dark-
subtracted, flat-fielded, and loaded into our image datalddseactual image files are transferred
to large-capacity local disks for use in 2-4 weeks when tlaeckeimages are taken.

As each image comes off of the telescope it is saved in a cas@deormat to local disk
space. There currently exist several hundred gigabytewodge at the observatory for this
purpose. This allows for the 20 GB/night (compressed) tatbked with space to buffer in cases
of transmission failure.

A high-speed, 45 Megabit-per-second (Mbps) radio intelinkthas been established to
the UC San Diego supercomputer center from the observatatyetUC San Diego internet
connection. From there the bandwidth to LBL and NERSC is kewe

The telescope goes through three pointings every four msnuthere are 3 CCD detectors
on the current instrument so each pointing results in 3 imaglese images are space about 1
degree apart in declination. Each image is 32 Megabytes (NMB3 raw form, but is compressed
to ~16 MB for transfer. This results in 144 MB of data to transfeery four minutes. Thus the
telescope generates data at a rate of 4.8 Mbps. This is orlyemth of the theoretical maximum
bandwidth of the radio internet link so there is plenty ofmofor future expansion.

Each night the transfer script is initiated at 18:00 locdbRear time. The script looks in
a known directory for files to transfer. It is keyed to imagesydrom that night so if there are
other files or images from other nights in that directory itages them. It keeps a list of files to
be transferred and a list of files that have already beenfelard. As new images appear they are
added to the list of files to be transferred. The transfer t8 6118 accomplished through a scripted
call to the standard RedHat GNUY/Linux 'ftp’. We experimahteith using 'scp’ to transfer to our
machines at LBL but found that 'ftp’ gave better performabgea factory of two. The ’'ncftp’
program was also tried but we ran into problems in gettingugh the NERSC firewall with this
program.

With the data rates given above, the transfer process isrinsdlreal-time. The only delay
comes from the few minutes it takes to compress the imagedsaisfer. To allow for this the
transfer script currently waits for six minutes after theation of an image file to make sure it has
been completely written to disk in it's compressed form tekdiefore adding to the list of image
files to transfer. The transfer script for a given night ruastmuously from 18:00 to 17:55 the
next afternoon. It is then restarted with the informatiothvthe new night at 18:00.

At 09:00 every morning a script is run to verify the transféthe previous nights images. It
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compares a list of local image files from the previous nighhuhe list of files in the appropriate
directory on HPSS. If the file list names and sizes agree theanaalil is automatically sent to

the LBL SNfactory system administrator (Michael Wood-\asevmwood-vasey@Ibl.gov>) and
our NEAT collaborators at JPL indicating a successful ti@nand giving a list of the images
transferred and their compressed file sizes. If there isaapancy between what was transferred
and what should have been transferred then an email is sé¢imé to0BL SNfactory system
administrator who then checks on the problem and rerunshibekdransfer script after the files
have been resent. This has only happened a handful of times August 2001.

This transfer setup has been working continuously sinceu8ug001. Minor improvements
in handling error conditions such as files of zero size weraae in September and October of
2001. It has been running unattended since January 2002.

1.3. Data Reduction of Palomar Images

Every morning at 08:30 (09:00 in the winter) a cron job runsttoe PDSF cluster at
NERSC. All of the images from the previous night are downéxhtb local cluster disk space for
processing. The images are split up in sets according tohadadk calibration image they match.
A dark images are taken with the same exposure time as sdi@ages, but with the shutter
closed. Dark correction is needed since the CCDs are théectdeally cooled and therefore
have non-negligible dark current. This grouping result8lin- —30 data reduction sets. These
are submitted as jobs in the processing queue and compietettinfive hours later, depending
on the load on the cluster. After all of the images are reduitexy are saved back to long-term
storage in their processed form.

It takes from four to five hours to retrieve and reduce all & itnages for a night. A little
under an hour of this time is spent retrieving the files fron83PThis could clearly be improved
by sending the files first to the cluster and then to HPSS, lmiigtharder from both a security
and reliability standpoint. The security is a limitationvas are not allowed to run an FTP server
on the cluster machines. We have found that FTP enables marcfer rates from Palomar than
scp, so we have decided to use FTP. We have found that HPSSsnmare reliable in having a
higher percentage uptime. If we wish to move to a near-ig&-processing scheme, however,
something will have to be worked out to send the files direictlihe processing machine.

Each data reduction set is processed by a separate job. &@aans on it's own CPU. It
begins by copying the images to be processed from the clostdral storage to local scratch
space. All of the files are then decompressed and then cedvieadm the NEAT internal image
format to the astronomically standard Flexible Image TpanisSystem (FITS) format (as defined
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by NASA, <http://fits.gsfc.nasa.gov>). This is the formadttall of our software is designed to
understand for the processing of astronomical images.

Next the dark calibration image is subtracted from all ofdtteer images in the data set. This
removes the additional electrons which collect in eachlmkéhe CCD just by virtue of being
on. Itis important to remove this offset by using dark imafyesn the same night as it varies
from pixel to pixel as well as over time. We have observed, éx@y, that the average value and
deviation of the dark images remain relatively constant aueight.

The next important calibration step is accounting for theepto-pixel variation caused both
by variations in the sensitivity of each pixel and the difietr illumination coming to each pixel
through the optics of the telescope. To correct for thiseddhce in the effective gain of each pixel
one must construct a “flatfield” image which has an averagaevat 1 and has the variation for
the each pixel stored as the value of that pixel. One thenles/one’s data images by this flatfield
image to arrive at an image which have an effective even thatsfor every pixel. We build out
flatfield images by taking set of images of the sky at diffepgitions and taking the median at
each pixel to be the representative value. With a suffigidathe set (typically 21 images) this
eliminates objects on the image. The median process invslme outlier rejection to attempt to
recover a more representative median. For most of the pasffigfields have been built every
night from the individual data sets. This results in flatfelghich are most attuned for that night,
but it also runs the risk of not having the best available 8&tf. We suffered for a while from
flatfields built with too few images, leading to residual atgeand stars being clearly present in
the flatfields. When images calibrated with these not-sdifititelds were used as references,
false objects would appear in the subtractions. This beaprite a problem when it was realized
that only 70% of the images on some nights were being suadessfuced due to problems in
building flatfield images within a given data set. This oftame from having data sets which
were too small to reliably build a flatfield from, so we startesihg a generic flatfield, built from
images from 27 May 2002 UT, to flatten all of our data. The aurpdan is to have generic
flatfield which will be update approximately once a month blase the data from the previous
month. This speeds up processing by about twenty minutedgtarset (the time it takes to build
the flatfield) and results in fewer bad flatfield images. Thisasthe ideal situation, however, as
it clearly doesn’t use all of the available information fr@engiven night to build the best flatfield
possible. This is a complicated issue which we plan to studyér in the summer of 2002.

The images are then split up into four quadrants — one for efttte four different amplifiers.
Each CCD has four amplifiers to achieve the very fast 20-seosgdout times that are critical to
this type of large-area variable object survey. This allow$o discard bad quadrants when they
develop problems. This has happened several times for betHaleakala and Palomar detectors
so we have kept with this scheme. There is some areal covbeageise there is more edge space
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in this scheme. As the images are dithered a little spacendrtie edges is always lost when the
images are added together. This is proportional to the eplgeesand so is more expensive for
small images. But there is no choice as dealing with norarggilar images is not a viable option.

After splitting the images when then discard the aforenoeril quadrants known to be bad.
A list of bad quadrants, including dates, is kept in the réidacscripts and is referenced to decide
which quadrants to eliminate.

The final step is to take the fully reduced images and redilséan with our image database
and to rename them to match our canonical name format. Aéieigrenamed they are moved
back to central cluster storage so that they can be accegssbdy processes.

A PostgreSQL database is used to keep track of all of the tiedusteps. This allows for
reductions to be restarted and provides information in Hee ©f a failed job. After all of the
images have been processed and moved to central clustegstibrey are saved to long-term
storage on HPSS.

1.4. Search Image

The telescope observing program covers the same fields iskihas often as possible
while assuring full sky coverage from approximatelg5 to +25 degrees in declination. In ideal
conditions this can be as few as six days, but weather and dlo@ make for a more complicated
observing pattern.

In general, though, repeat images suitable for searchilidgpgvtaken in a little less than two
weeks.

Once these images are taken they follow the same procedhegng transferred to LBL and
the ensuing data processing. These images then will bedueneference images for searches
when we return again to these fields in another two weeks.

The search images are processed in an identical manner teféhence images. Once they
are loaded into the database, a matching program is run sircehlists of matching fields for the
reference and search nights to be used in generating filehwleiscribe the image subtractions
to be done to look for supernovae. This matching takes ab@umihutes to compare all of
the images for a night to all of the images from the previouas yd generate appropriate
subtractions to be done. Currently we are doing subtrastionthree intervalsi0O + 5 days,

25 £+ 9 days, and60 + 120 days. Most of the subtractions from year-old referencesagaenst
data from the Maui 1.2m MSSS telescope. As of June 2002 weuststarting to reach areas of
the sky which were covered in the late summer of 2001 with #derRar 48" telescope.
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1.5. Subtractions

Almost a decade of work has gone into our subtraction soéiyeand it is continually being
improved and rewritten. We use the same software to searate&p supernovae > 0.5) as is
used to search for nearby supernovae.

Our subtraction software takes the lists of images for thrergsubtraction and separately
registers (aligns) each of the images to a common refergrsters. The images to be used as a
reference are then added together after they have all bégsdsio line up with each other. The
list of images to be searched is split into two parts, 'newid éew?2’, so that we can have two
search images to run checks to make sure a possible candidatn asteroid or cosmic ray.

One important weakness is that our current software aldirggister images to each other
is not as robust as we might like and fails more often thanoug particular when matching
images with little overlap or with very different effect eogure times. It was designed for images
which were well matched to each other in both exact regiom@iky and brightness of objects.
Another difficulty is the presence of one bad image in the ienstgcks. Just one bad image will
cause the subtraction to fail. A future project is to be ableun a quick quality verification
on all of the images processed and loaded into our datab&se ladgtempting to use them in a
subtrraction. The average percent of successful sulirector the first nine days of June 2002
was 56%.

Once we have our coadded reference, newl, and new2 imagey, twenatch the aggregate
point-spread-function, or “seeing”, of each to the coaddeage with the worst seeing. The
coaddition process itself does not take this into accoucalrge there is no benefit, but when taken
a subtraction we want objects to subtract to zero. If we didecount for the seeing we would end
up with donut-like positive and negative shapes in our sudbitwns that would have a net value of
zero, but it wouldn’t be obvious to the eye and it's more diffi¢o design an object-recognition
program to understand that. It's much cleaner to properlichap the PSFs of the image so that
objects which are at equal brightness subtract to zero andhgect show up as consistent with a
point source according to the point-spread-function ofab&dded image with the worst seeing.
There are a variety of ways to do this. We currently use sé@aassians which are allowed to
vary separately in x and y to model the kernel to representongolution between any two of
the coadded images. This has the advantage of speed, besit’ildo a good job in all cases. A
big project for the second half of 2002 is to improve the claton of these convolution kernels
to clean up the subtractions. This should significantly cedine number of false objects in the
subtracted images.

Once the images have been matched through the convolutinalkéhe coadded reference
image is then separately subtracted from the two searchesnagd then these subtracted images
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are added together to generate a final subtracted image.

1.6. Automated Scanning

After the subtraction is completed, an automated scanniogram is run which takes the
full subtractions and looks for objects in them. We apply aetg of cuts to objects found in the
subtraction to eliminate cosmic rays, asteroids, cleaaly subtractions, and a variety of other
effects which we have observed over the years.

Everything up to this point is completely automated and aaily/ without almost no human
intervention.

1.7. Human Scanning

The automated scanner then passes a list of flagged cardaate a human scanner
who then looks at the subtracted, search, and referenceesvaayl decides whether or a not a
computer-flagged candidates indeed appears to be a raahleawbject.

We are currently running with a very conservative set of amis so have to sca — —40%
of the succesful subtractions for each night. During thelagac Spring 2002 semester we had
a team of six undergraduates who would scan the subtractegeisn By the end of the semester
they had all been trained sufficiently so that they were kegpp with the rate of subtractions
when they each worked a few hours a week.

However, many of the supernovae discovered this spring haee found using very
restrictive cuts suitable for only having to scan a dozeroansgges a night. This happened after
the undergraduates stopped working for the semester an@fés the number of subtractions
attempted and completed was increased by considering mgtaference and search images
from almost anything we had available in the database idsi€Amiting ourselves to our ideal
intervals.

1.8. Cross Checks

To check for known causes of variable objects which are npgswvae we perform a
number of cross-checks:

1. Check for known asteroids (MPEC Minor Object Catalog)



2. Check for classification of object as star/galaxy (PO$BAMcatalogs)
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3. Check year-old references to check for long-term vagiablject (variable star, nova, i.e.
not a supernova) (we use our own references in addition todB3SS images)

4. Examine automatically generated lightcurve of candidat

1.9. Confirmation Image

Once we have something we are happy with, we submit it to tigetdéist of the telescope
for the next night of observation (our current turn-arouingktis 2-days, we will decrease that
to just 1-day, i.e. the next night after the search image wakar, by later this summer). Once
that data comes in, we prioritize the images and subtraztimiook at that same region of sky to
verify that the variable object is still there.

1.10. Supernovae found to date by this method

Seven supernovae have been found and accepted by the tiaeah@&stronomical Union
(IAU) using the techniques described above. The followikd besignations have been given for

these supernovae:

Supernova UT Date of PST Date UT Date Type
Discovery Data Discovered Confirmed
2002bk 2002/02/09  2002/02/26 2002/03/03 la
2002cq 2002/04/20  2002/04/23 2002/04/29  —+
2002cx 2002/05/12  2002/05/15 2002/05/16 1a/91T
2002cz 2002/05/17  2002/05/18 2002/05/09  —+
2002da 2002/05/16  2002/05/17 2002/05/18  —
2002dg 2002/05/31  2002/06/01 2002/06/03  —
2002dh 2002/06/04  2002/06/06 2002/05/28 I

Table 1: Supernova discovered in the Spring of 2002. TheialffiaU name for the supernova is
given, along with the date of the data the supernova waswised on, the date the supernova was
scanned by a person and “found”, and the date of the confomatiage. Note that the date of the
“confirmation” image can be before that of the discovery imagcases where there were large
delays or gaps in active human scanning. This is the casé®@#fcz and 2002dh.
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2. Assessment oNEAT Data

Figure2 shows the seeing distribution obtained with NMEAT camera at Palomar over a 200
day period beginning in July 2001. The seeing distributias & typical log-normal distribution,
but with some evidence of instrumental truncation at thedgge®eing end. This may be due in part
to undersampling by the 1.0pixels.

Figure 3 shows the distribution of sky brightness values measuad theNEAT images
taken at Palomar. shows a median seeing of 19.1 Magth an unfiltered CCD bandpass
zero-pointed to R-band magnitudes from the USNO catalogdlyOekamination of the sky
brightness with time did not show much evidence of the luyate; although that remains the
best explaination for the bright sky values. Note that soalaes are probably spurious, being
moonlit nights with cirrus (the very brightest nights) oowetly nights with clouds low and close
to the summit (the very darkest nights).

Overall, the quality of the data from Palomar are roughly k@ would expect for an
automated facility with minimal data quality-control. Wege to be able to implement checks on
the image quality using the LBNL PC at the telescope to p@fégdback on, e.g., the focus.

3. From Detection through Observation

Figure4 illustrates the steps from discovery of a candidate supartitough observations at
the telescope. There are several components which willdseigsed in turn.

3.1. A priori Classification

Thea priori classification step seeks to eliminate several possiblesswf contamination.
First, one needs to consider the likelihood that the deiratf variability is real, but that the
variable is a star, AGN, or an asteroid moving very slowlyeféhis no doubt that th&Nfactory
will discover far more variable stars than are presentiywkmoEven at the relatively bright
limiting magnitude of ROSTE more than 85% of the variableectg are newly discovered
variable stars. One great advantage of having two yearhwdNEAT archival data prior the
beginning ofSNIFSobservations is that for any candidate a historical lightewcan be calculated
to look for past variability. This is our best hope for elirating variable stars and AGN, and such
a capability has been implemented in the current proto bgapeline.

Another powerful diagnostic of variable stars is whetherniew light is perfectly centered
on an unresolved “host” One diagnostic to reject AGN is tleatmon of the new light — if it is
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exactly on the core of a galaxand shows only weak variability (such as an increase of less than
15% over one month) it is likely an AGN. In these cases, kngwihether the “host” is classified
as a star or a galaxy is valuable extra information. Curyahtk information can be obtained from
the APS or APM surveys; in the future SDSS can provide thisrim&tion. It is also possible to
obtain such classification from tiMEAT dataset itself. None of these resolution features have
been implemented yet, but there are obvious paths for daing s

Main-belt asteroids at quadrature, and many Centaur adsecan exhibit motions slow
enough that the motion is not detected over the typical 3Qutaispan of a trio oNEAT
images 1) The surest way to eliminate such asteroids is to consultiner Planet
Electronic Catalog webpage to see whether a candidate isva &steroid. This capability has
been implemented, but requires some refinement. The ontpamsive alternative is to obtain
further imagesNEAT is happy to take images of any of our candidates on subseqighis
— the question is whetheMEAT or other sources can check an object shenenight. Ana
priori asteroid probability can also be assigned based on whétberandidate is located near
guadrature or not — maybe this region will have to be avoided.

Finally, as more galaxy redshifts become available we magir@ point where redshifts are
known in advance for some reasonable fraction (10%) of cateihost galaxies. Based on such a
redshift, we may eliminate candidates with redshift beytireSNfactorytarget range. Additional
host-galaxy information, such as knowing that the host iglAptical — based on SDSS colors
or fits to the luminosity profile from thBIEAT data — will be helpful in discriminating between
thermonuclear and core-collapse SNe.

3.2. A priori Priority

Those candidates whoagpriori classification doesn’t rule out a SN will be carried to thetnex
stage — the assignment of arpriori observing priority. This can be based on a number of factors
including observability. Observability criteria will ihede whether the field can be followed for
2—3 months from Mauna Kea, whether there is a guide star dfidisnt surrounding field stars
for relative calibration, whether the Galactic extinctisrhigh or whether a bright star ruins the
field, etc.

Some measure afesirabilitywill also enter into the priori priority. For instance, candidates
in elliptical hosts will be highly desirable because they almost certainty SN Ia, will suffer little
or not extinction by dust, and will be useful in exploring tbe/-stretch/old-progenitor part of SN
parameter space. Similarly, candidates in very low-lursityogalaxies will be desirable since
they are likely to be lower metallicity SNe, somewhat moralagous to SNe la at higher redshift.
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3.3. Scheduling

The next stage is to update the observing schedule for bethcaadidates and those
confirmed SNe already being followed. Recalculation of ttigeslule is a continuous process,
involving periodic updates in the days leading up to one ofldid nights, and updates after each
observation during the period when we are actually obsgrvin

A vast array of input information is useful for this purposeatfter all, during the night
of observing we are basically asking a computer to replaeeddtision making skills of a
professional astronomer. It is unlikely that human ovédrst@n ever be replaced, but it is certainly
in our interests to have the computer hand as much of theneatd tedious work as is possible.

The scheduler will need to know of astronomical constraamis parameters (sunrise/set,
moon location and brightness), mechanical constraintgpanameters (telescope limits, slew
times, typical pointing accuracy, detector readout tinaesuisition overheads), environmental
parameters (seeing, wind direction and speed, whethephosometric or raining and foggy,
weather forecast for next hours and days), etc. With thgagtsrthe schedule will know how
much time is available and the quality of the conditions ineyal and in different regions of the
sky.

This information must then be coupled with our estimate efédkpense and importance of
observing the various SNe and SNe candidates. One key iegtedill be an exposure time
calculator — this module should pre-calculate the expehseiment and future observations
of a given SN based on the current best estimate of SN distAghtcurve phase, stretch, etc.
(These will be unknowns for most knew candidates). It wowdddeal if this were scale free,
but in practice we will often be working at the transitionritrdhe object-dominated noise regime
and the sky-dominated noise regime. This may not matter mumided all the exposure time
calculations are done in advance for a wide range of scenalmothis case the scheduler can
simply chose amongst options like observing a bright SN ighttime so that a fainter SN can
be observed in dark time.

There will obviously be a premium placed on finishing SNe whace already begun.
Although not completely decided yet, it is probable that ¢nephasis will be on observing
the active SNe well rather than obtaining poorer data on robjects. For one thing, set-up
inefficiencies will favor doing fewer targets well. Also,rfthose SNe which are unusual, one
usually wants enough detail to examine that SN’s specificattteristics. Fighting against this are
the /N gains in getting more SNe for cosmological constraints,thed- N gain of having more
template SNe to match one-to-one against higgNe from CFLS an@&NARP

There will also be efficiency hits due to weather uncertasitiFor instance, in a worse-case
scenario where we have to assume that future nights willdnedgl, we would be forced to observe
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our best SNe every clear night in order to try to minimize tize sf any lightcurve gaps caused
by weather. Indeed, this one of the main reasons why theesffigiimpact of bad weather does
not enter simple in proportion in the amount of bad weathé&e alternative here is to just live
with large gaps in the lightcurves — more simulation is neeteestimate the real impact this
would have on th&Nfactoryscience goals.

Clearly implementing the scheduler will be some combimatibdetermining just how well
a computer can do the job and honing our preferences and leyath presented to the scheduler
software. Based on the schedule available at any given theescript must be generated which
can tell the telescope ar@NIFSwhat activities to perform and when. The next section disess
these activities in more detalil.

4. SNIFS Observations

The first step in the observation of a new target will be theuagtjon of the field. This
involves an initial open-loop pointing based on the candid@ordinates (good to a few tenths
of an arcsecond), and then improvement of the pointing. Tmeimal pointing accuracy of the
UH 2.2m is 6 arcseconds RMS, thus the typical open-loop pmwill place our targets off the
microlens array. As seen on the imager, most targets wilhlte shadow of the pick-off-prism.

After the open-loop pointing, it will be necessary to secuiguide star so that no telescope
drift occurs during the acquisition phase.

Once the guide star is secur&@NIFSwill obtain a short image of the field — probably in a
broadband filter, but possibly through the multifilter. Thmgge will be compared to thNdEAT
discovery image (or previolSNIFSimages) taransferthe location of the SN candidate on the
discovery image to the location of the SN candidate on theiaitipn image. This comparison
involves Robert Quimby’s QUICKMATCH code. While this coms®n is going on, we may
consider using the time to update the focus (using a methdl) TEhe transferred location of the
SN candidate on the acquisition imager will be compared thighlocation of the shadow of the
pick-off-prism (or its virtual location off the acquisitidmage) and an offset calculated and sent
to theguider software The guider will then move the telescope to the correct looat

Once the field is acquired and focused, the necessary Spedlitaations will be taken
in order to accurately location the positions of the mionglspectra and determine their
point-spread-function(s). In principle the calibratiooutd be obtained immediately after the
open-loop pointing so that the necessary mechanical apesatan be executed during the slew
phase. The drawback there is that any calibration is wata acquisition fails completely
(hopefully a very rare event!). The observing sequence fslksvs:
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e targetra, dec, epoch presented to telescope
e move telescope to target location

e ingests TCS info to check on location (HA, Dec, UT)

o calculate offsets based on internal pointing model
¢ send offsets
o iterate

e rotate to correct auxiliary camera acquisition filter
e acquire star in guider camera
¢ if outdated focus, execute focus sequence (requires eddodes & temperature)
e if current focus, check image quality and focus if needed
e begin guiding (monitor guiding / seeing / star flux)
e acquisition
o auxiliary camera takes an image (30 sec readout)
© optional overscan subtraction of auxiliary camera image
optional flatfielding (requires queued flatfield image)
surface auxiliary camera image
generate object catalog
X-match with input catalogs (requires NEAT or other objeatiadog)
calculate offsets

send offsets
¢ ingest TCS info to check on location

e rotate to correct auxiliary camera science filter

e if all OK, start science exposures
o flush CCDs
© open imager/ifu shutter to telescope
o close imager/ifu shutter to telescope
© read out blue, red, and auxiliary detectors in parallel @) s

e science exposure assessment

e calibration (as needed) for each arc, flat, x-calibration

o turn on lamp X

o flush CCDs

© open shutter on calibration unit

o close shutter on calibration unit

¢ read out red, blue, and optionally auxiliary camera (40-6€) s

S OO0

According to the UH 2.2m TCS guide, the telescope maximunv skes are 0.8sec in
RA and 1.0/sec in Dec. The dome rotates at up to°dsbc. Typical slew times are 50 sec for
15°, 70 sec for 30, 90 sec for 45. Offsets require 2—4 seconds for 1“1dhd 7—10 seconds for
20-100. The CCD readout time in acquisition mode should be welltkaa 30 seconds since
readout noise is not an issue and the spatial scale is so &nhertkchip binning is sensible. The
science exposures should be read more slowly in order teaeltihe lowest readout noise. For
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LBNL CCDs, a 40s readout (100 kpixels/sec) gives a readoseraf 3 €, while a 80s readout
gives 2 € readout noise. The Marconi CCD is expected to have simildopaance (the quoted
readout noise of 1.9 efor our chip was measured at a readout of 45 kpixel/sec). it bea
possible to execute faster readouts of the science CCDsd@ma possibly for flat calibration
exposures. The times for movement of the filter wheel andelon mechanisms are TBD. Note
that some operations, such as calibration readouts anplssetan be performed in parallel with
slewing of the telescope and dome. It also may be possiblerfonn focus checks while the
acquisition data are being processed. It will be the job efstheduling software to arrange such
parallel operations.

To be implemented
Observation and calibration sequences
Emmanuel + Yannick

5. Global monitoring and data flow

It is envisioned that the amount of useful information thaynmeed to be available for
effective human intervention should problems arise duBhdFSobservations is considerably
more than one monitor can display, and that the informatiay need to arranged in unforeseeable
ways such that scrolling through a status webpage wouldédféentive. Thus, to make human
intervention most effective, it may be necessary to comsd#ing-up command and control
centers at the three institutions which simultaneouslpldisa wider range information on
multiple screens and which are equipped with tele- and va®derencing capabilities with
preprogrammed hot-lines to key UH sites and to the otheitinisins. One such station could be
manned during normal nighttime operationsSMIFS— 5 hrs every 2nd and 5th night (daytime
in France). One can envision displays for the UH 2.2m TESIFSmechanical, electronics
and detector components; weather data and images; cuatnf{atquisition images, spectra);
NEAT reference data, guider seeing and transparency datarapeassifier output and template
fits, listing of the current schedule and execution stattisedular feedback, target sky locations
and observing bounds, etc. If we attempt fast turn-arouiatiys on theNEAT observations, the
detection pipeline operations will also prove useful.

On top of monitoring and control facilities, the analysigioé overall information required
to plan the observations will require a specific attentiohth®& core of the data flow will be the
scheduler It will collect information fromNEAT, SNIFSand the different results of the data
processing to be able to setup tBRIFSobservation and send feed backNBAT if needed. The
relative weight of human and automatized intervention astthedulemwill evolve with time.
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5.1. SNfactory running

In the first stage of th&Nfactorydevelopment the effort will be put in the implementation
of communication, monitoring , data transfer and contr@rotels. Each of this four kinds of
channel will have specific objectives and technical co#isa These channels will have to be
setup between the differeBNfactorysites and people involved :

the NEAT observatory

the NEAT data reduction center and SN candidate search

the SNIFSinstrument

the SNIFSdata processing center

the SNfactoryobservers

the SNfactoryscheduler

Communication channels

The goal of this communication channel will be to put theeti#nt people involved in
the SNfactorydata taking $Nfactoryobservers) in contact. Not only mail but also phone and
multi-media video-conferencing will be implemented. Op tf selecting the required software
(see forexamplet t p: / / ww. vrvs. or g/ )a central “phone book” with real time information
(who is around, who is doing what, who is on-call for whatwill have to be implemented.

Monitoring channels

All the sites where data will be collected and processedreglire a monitoring. The data
transfer between the production and processing centekralgd have to be monitored. In the
implementation of the monitoring , special care on the rbdithaof the informations and on the
network or computing load will have to be taken into accodmtbe really useful and robust, a
special care should be taken in the way the monitoring in&dion will be distributed as many
people at the same time, but from different sites, may waattess the same information. The
remarks above is in favor to implement in each sita@nitoring data servewhich will interact
with the local monitoring to get the useful informations otlect itself this interesting information
and will make it available for interrogation. Indeed wherralgpem is detected a direct interaction
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(login on the site , browsing of files ... ) with the local mamihg by theSNfactoryobserver(s)
will be possible. To reduce the load on the monitored sitetarithve an universal access to the
monitoring, thismonitoring data servemay use a web server do distribute its informations.

Control channels

The control of the systems in each sites will require aciimeraction from the other sites
| SNfactoryobservers. The control will require more care than the nooimigy itself, to avoid
for example contradictory requests. It will be considetehtonly a limited number of control
channel for a given site can be open at the same time. Fomstisdason the software associated
to this control channel will be less constrained from thenpof view of computing resources
and network band width than the pure monitoring operatiospécial care will be taken in the
development on the SNIFS control. A GUI interface allowingontrol all the systems at UH
will have to be developed. It will be possible to launch itrfrany site.

Data channels

Two main data channels are needed by the project :

¢ the data transfer frotNEAT to the NERSC (the computer center at LBL)

o the data transfer frorBNIFSto the CCIN2P3 (the french computer center)

Specific radio network link between the Palomar to the UC Simg®supercomputer has been
setup and provide a network band width 10 times bigger thaat 8meeded to transfer in realtime
the 20 GB/night ofNEAT data to the NERSC. This data channel is used with succesalin re
condition since July 2001.

The amount oSNIFSdata to transfer between UH and France is at least 10 timdesntadn
what is required foNEAT. Due to high energy physics collaboration on both side ofittemntic,
high network capability exist between the CCIN2P3 and thg Uto 500 GB/day are transfered
between SLAC and the CCIN2P3 ). Even with the limited bandthvizktween Hawaii and the
French network access to the US, there is a factor 4 in théall@inetwork band width and the
SNIFSdata-flow. Test of the network stability as been performedffew month and shows good
result.
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Fig. 1.— (a) A reference image shows an anonymous galaxyA @@arch image shows the same
galaxy with brighter region. (c) Subtracting the referemoage from the search image yields a
new object, which was confirmed to be a Type la supernova.
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Fig. 2.— NEAT seeing distribution at Palomar: A histogram of seeing values measured from the
NEAT images taken at Palomar shows a median seeing 6f ZTthe steep cut-off below’Zuggests the presence
of some instrumental performance limits, and merits furtheestigation. It many be due in part to the pixel scale of
1.0Y'/pixel which will set a minimum image quality because of ursdenpling.
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Fig. 3.—NEAT sky brightness distribution at Palomar: A histogram of sky brightness values measured
from theNEAT images taken at Palomar.
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Fig. 4.— SNfactory Processing from Discovery to Observation:Search of a supernova candidate is
but the first step before an object is cleared for follow-uparbations. Indeed, although discovery of a variable abjec
suggests a supernova, there are many other possibilitieb wiust be eliminated if possible before valuable telescop
time is dedicated to further observations. If a candidasses all the tests and there is observing time available, the
telescope (principally the UH 2.2-m) will be directed to ebs the candidate witBNIFS As the survey progresses
we will learn a great deal more about variable objects, aisdkimowledge can be fed back into the process of target

selection.



Chapter 6

Software and Data analysis

1. Computers and related hardware
1.1. NEAT related computing

The SNfactoryoperates a dual 1 GHz Pl PC at Palomar Observatory whichatggas our
interface between the NEAT data-taking computer and dstage and the HPWREN wireless
internet. There is 300 Gb of disk space serving as a datarbaftbe event of interruption in
the wireless connection. The data (currently roughly 50nigittt) are archived on the 2 Pbyte
tape vault of the High Performance Storage System (HPS®)SNiactoryimage processing
of the NEAT data is performed on the 38(hode Parallel Distributed Systems Facility (PDSF)
at NERSC. Our “share” is made up of 5 high bandwidth machimesprised of dual 1 GHz
PIIl processors with 2 Gbyte memory and three 0.5 Thyte RAHXkK vaults. Scanning of
computer-detected candidates is performed using the netvie- 15 desktop workstations used
for general supernova research at LBNL.

1.2. SNIFSrelated computing

For the supernova follow-up spectrophotometry at the Hia?vdm telescope, the telescope
control is performed by a Pll PC connected to I/O cards andhai8Galil motion control card
driving the two telescope axes and the dome axis via theraligiower amplifiers and motors.
Data acquistion for the three CCD cameras at the UH 2.2-musélone Linux PC per camera.
The SNIFSinstrument and the guider software will run on another P@h il the PC’s on one
network. The ensemble of four PC’s will be configured so thatduties of a defunct machine can
be assummed by the other machines.
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SNIFS @
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Fig. 1.—Schematic ofSNfactory Data and Information Flow: All the collaborations share operational
and science information through the salmon-colored “gdoplane.” Imaging data for the search arrives from Palomar
and Haleakala observatories and is archived at HPSS andgset at PDSF. A schedule of follow-up observations is
sent to the follow-up telescopes and the schedule is exgc(Bee Fig4 of more details on the follow-up control.)
The results of the observations are sent to the collaborétioprocessing, science analysis, and feedback into the
follow-up control.

In France the spectral reductions, analysis, and archwilgise the the computing center
at CCIN2P3. SNIFSraw data will be backuped with a double copy security in HPE®a
CCIN2P3. The data processing will use the linux farm facitif the computer center. The
resources allocation will be controled to allow an “onlimetiuction of theSNIFSdata when they
will be collected. For processirfgNfactoryshould be allowed to use when needed , up to 10 %
of the linux farm ( this 10 % corresponds today to 20 PIIl 700 M&hd 20 PIlIl 1 GHz ). For
reprocessing more computing power could be requested dfatee
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2. Detection Software

The data transfer from Palomar is implemented using PERIlgewine data processing uses
heritageC' andC'++ code from the Supernova Cosmology Project, with a smatl &rinking)
amount of heritagéDL code. The image subtractions also asandC'++ with a human scanning
interface implemented itDL.

To be further implemented

Subtraction algo

Greg

The processed information is maintained iR@stGres SQldatabase. Effort is underway in
coordination with theSNAPcomputing group to implement the processing pipelin®@PiJS—

a pipeline developed at the Space Telescope Science tastitd now in use on numerous space
missions.

3. Scheduler software

Scheduling of the follow-up observations will be challemgisince the goal is to replace the
observer at the telescope. In coordination with 8APcomputing group we will experiment
with SPIKE SPIKEis another space telescope product and has been in use évalsgears for
space missions and the scheduling of ground-based telescOpher options include tHe&SPEN
andCASPERpackages from JPL (see http://casper.jpl.nasa.gov).erulrfonmental monitoring
is being installed and linked to the telescope control systethe UH 2.2-m.

4. UH software

The telescope control software is provided by UH. A detatledcription is available at
www.ifa.hawaii.edu/88inch/TCS2. The target acquistioftwgare is being written at LBNL —
the field recognition stage is now complete and a Monte Carlge simulator is in development.
The guider software consists of DSP code supplied by GL 8tien

5. SNIFS software

see theéSNIFS Technical Design Repdor a complete description of the SNIFS software.
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To be implemented
Spectral resolution, spectra extraction (sky, SN, galaxy)
Yannick

6. Automated SN Classification

An automated SN classification program calfed gt whas been designed for use in the
Supernova Factory. The program simultaneously finds thefibéN template spectrum while
subtracting host galaxy light over a range of redshifts.

Supernovae (SNe) are divided into four broad categoriesdoas features in their spectra:
la, Ib, Ic, and II. Type | SNe have no hydrogen lines, while spectra of Type Il SNe do show
hydrogen. SNe la show Si near maximum light, while Ib and Ie®¥dve no strong Si. Type Ib
supernovae have strong lines of helium, while Type Ic SNeato Type 1l SNe can be further
divided into IIn, Ilb, lI-L, and 1I-P. SNe IIn show narrow les of hydrogen superimposed on a
broader base, while SNe llb show hydrogen at an early epoathvidrdes over the first few weeks
after explosion, causing them to look like a Ib SN. Type Il4iddl-P SNe are subdivisions of
the Type Il class based upon the appearance of the light cliyye 11-P SNe have a plateau in
the light curve lasting for tens of days, while SNe II-L haviingraly declining light curve. See
Filippenko et al. (1997) for a review of SN spectra and cfassion.

There is considerable evidence that Type la SNe represemhtimuclear explosions of
an accreting white dwarf (WD) in a binary system (Hoyle & Fem1960). All other SNe are
believed to be the core collapse of single massive starsgthbinary systems may play a role for
some unusual core collapse SNe. It is thought that the anodumytdrogen and helium envelope
left on the star at the time of explosion determines its ubdtyNe I1-P have a large outer layer of
hydrogen, while II-L have less, IIb have only a very smalldagf hydrogen, Ib have no hydrogen
but do have helium, and SNe Ic are bare stellar cores devdigdybgen and helium layers. The
narrow lines in SNe lIn arise when the SN ejecta interacth wiittcumstellar material cast off by
the last phases of mass loss of the progenitor star. Forpbtgf SNe peculiar individual cases
exist and are denoted by, ‘pec, as in lIpec.

Historically, identification of SN spectra has requiredarted observer — one that has a
working knowledge the spectra of hundreds of supernovaes ddn lead to problems because
such trained observers are often in short supply. Also, yeassubjective, and human beings
are slow — they can only classify on spectrum at a time. Herenweduce an automated SN
classification system that is quantifiable, reproducibhe, ielatively fast.
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6.1. General Approach

After experimentation with various classification schepiesluding wavelet analysis and
cross correlation, fitting of the observed SN to a libraryeshplate spectra was found to be the
most accurate and robust method. The main principle behmg@itogram, calledli t gt w, is to
minimize the square of the deviations between the input amglate spectra. This is similar to a
v? fit, although errors are not usually used, since most SN spdotnot come with an associated
error spectrum. Since observed SN spectra are often theigatitm of the intrinsic SN spectrum
and the spectrum of its host galaxy, it is useful to minimlze difference between the observed
spectrum and the combination of template SN and templasxgdight. A line of the form
y = a + bx may also be subtracted from the observed spectrum to cdoretiits that may arise
from reddening or calibration errors. Each point may alseveghted by a different amount.
Here we represent quantity to be minimizedsasThe parameters which are varied to achive
minimization areu, b, ¢, andd. Then, if the observed spectrum@ys the template SN spectrum
is T', the galaxy spectrum i&, the wavelength ig;, the weights ares, and each of these are
evaluated at each pixglthen:

S = sz(Ol — CT;; —a— bZ’Z — dGZ)2

To minimize this function, we take partial derivatives wittspect to each of the parameters
to be minimized and get:

g—f = —22%@(@ — Ty — dG; — a — ba;)
g—i :—2Xi:wi(0i—cﬂ—dGi—a—bxi)
g—i = —2Zi:wixi(0i — T, — dG; — a — bx)
g—g = —2zijwiei(0i — T, — dGy; — a — bay).

If we define

Lf] = sz'fm
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and set the above equations to zero, we get:

[OT] 72 [T] [Ta] [TG] [ c
o |_| @ [ [k @ a
z0] | | [Tz] [z] [¢?] [Gz] b (6.1)
[GO] [TG] [G] [Ga] [G? d

This matrix is solved for the parametersh, ¢, andd. This is a specific implementation that
works well, but methods have been tested that include ncslibé&raction, a linearly variable scale
factor over the wavelength range, no galaxy subtractiod cdiner variations.

6.2. Program specifics

The preceeding section outlined the general method for¢berahination of the best match
to a given SN templaté' using a given galaxy template at a given redshift. The procedure must
be iterated over all SN templates, all galaxy templatesth@@ntire specified redshift range. We
will now discuss the specific program used to do thist gt w.

Fi t gt wwas written in IDL. At the command line a user can supply vasi&eywords.
These are:

0: The observed SN spectrum.

e Wl: The starting wavelength. If no starting wavelength is gpegtthen the starting
wavelength of the data is used.

e W2: The ending wavelength. If no ending wavelength is specifexh the ending
wavelength of the data is used.

e di sp: The dispersion, or binning, to use in Angstroms. The défaO.
e 7| : The lowest redshift interval to search.

e zu: The highest redshift interval to search.

e zi : The increment to use when iterating the redshift.

e Wei ght : A weight spectrum. For example, it is convenient to weighitsirong night sky
lines.
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e di r: The directory for the results. If no directory is providéeh the results are put into
the same directory as the input spectrum.

e gspec: The spectrum of the host galaxy. If none is provided thestali galaxy template
spectra are used.

e nol i ne: Switch to be set (e.g. /noline) to avoid subtracting a Imoef the data.

The program first reads in an ascii input spectrum and it iswredal into bins of sizeli sp
so that it starts at wavelengtil and ends at2. All templates and weight spectra are rebinned
to the same binning. The input spectrum and all templatescaied to have a median value of 1
over the input wavelength range.

Beginning at the starting wavelength specifiedzlby the minimization routine is called for
each SN template and galaxy template. The redshift is thr@enmented by i and the templates
are searched again. This procedure is repeated until tHeditkshift,zu is reached. For each
SN template, the host galaxy template and redshift thatymed the minimum valuse of the
“goodness-of-fit” criteria,S, is recorded in the output file.

6.3. SN templates

SN templates are specified in an IDL save file. The templatesveachanged by editing
the filet enpl at es. | i st and running the IDL prograrhenpset up. The current template
list has 161 SN templates, including 81 SN la templates fraiff8rent SNe spanning the full
range of stretch over epochs from 14 days before maximum%ada@s after maximum. The
more diverse set of Ib/c SNe has 75 representative speotraZ6 individual objects taken from
Matheson et al. (2000). There is only one Type Il supernoth &spectra.

6.4. Galaxy templates

If a host galaxy spectrum is supplied with the keywgsbec, then it is used in the
procedure outlined above. Otherwise SN templates repdesgix, SO, Sa, Sb, Sc, SB1, SB2,
SB3, SB4, SB5, and SB6 galaxies are used. SB1-6 are staddasias. Like SN templates,
galaxy templates are specified in an IDL save file. The terapleén be changed by editing the
file gal . I i st and running the IDL programenpset up.
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6.5. Weighting functions

A weight spectrum can be specified with the keywasd ght . Some common weighting
functions areno77. wei ght , which sets the weights of values near the strong 780 nm sight
line to zero, andynos. wei ght , which gives zero weight to gaps in Gemini GMOS spectra.
If errors exist for a spectrum, one should construct a wefigh¢tion from the inverse of the
variance. If no weight spectrum is specified then all weiginésset to unity.

6.6. Runtime

The run time off i t gt wvaries greatly based on the number of templates used, whethe
or not a host galaxy spectrum is specified, the binning of fleetsum, and the redshift interval
studied. For narrow redshift searches at 0.1 with a binning of 20 Angstroms, searching all
galaxy templates, the program takes roughly 5 minutes t@nua Pentium 4 800 Mhz machine.
More extensive searches of wavelength space, e.g. frent) to z = 1 in increments ot = 0.01
can take several hours to complete.

6.7. Program output

The output is stored in a text file, which is given the root nashéhe input file with a
. out suffix. The best fit SNe are listed in order, along with the gadfi.S, the redshift, the
galaxy subtracted, and the SN and galaxy scale factorsatkerivhe template files are named
such that the SN template filename gives the SN name andvestatmaximum light, e.g. ‘SN
1991bg.p01.dat represents SN 1991bg at 1 day after maxikigintn

6.8. Plotting the results

Plotting of the results is done with a second IDL programet gt w. It is necessary to give
the plotting program the observed SN spectrum, the redsinift the template SN spectrum to use.
If an input galaxy spectrum is not given, the program tri¢semhplate galaxy files to find the best
fit. The use of a second program for plotting allows minor tkieg of the inputs, for example
the binning, or starting and ending wavelengths, withoahimg having to rerun théi t gt w
program again.
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Pl ot gt wcan take as input the following parameters, which are idahto those of
fitgtw o, wl, w2, disp, weight, gspec, andnoli ne. It also takes the
additional parameters:

z: The redshift of the best fit.

psfi | e: The name of the output postscript plot. If one is not spetfieen no postscript
is generated.

ym n: The minimum value of the y-axis. If not provided, IDL defesuére used.

ymax: The maximum value of the y-axis. If not provided, IDL defsudre used.

keep: If set, data from the program is retained in separage otilpst These have the
same root name as the input file, with different extentiorths is the scaled, binned input
observation used by the programt enp is the scaled, binned SN templategal is the
scaled, binned galaxy template, anglub is the observation after the template galaxy has
been subtracted.

6.9. Limitations

While f i t gt win general produces excellent results. If the input spedeusimilar to one
of the SNe in the template library, then the program will fihd best match without fail. One
limitation is that the program will only attempt a match fopse templates that overlap the input
spectrum in wavelength space. This means that at low rég&iriimost supernovae, more than
100 templates are compared to the input. At high redshifiy,those SNe with ultraviolet spectra
are compared. This limitation is necessary to ensure tedigthodness-of-fit” criteriaS, has the
same meaning from template to template. This limitatiohmot be a problem for the SN factory
where onlyz < 0.2 SNe will be studied.

Comparisons are also limited by the quality and completenéthe template library. While
this is constantly being improved by the addition of new téatgs, the best solution is to observe
a wide range of SNe during the early days of the SN factory smena consistent data set with
full wavelength coverage.

A final limitation is that extinction is not properly treatéd the version of the program
outlined here. However, Lifan Wang has created an prograsadapon the same principles that
treats extinction with a better approximation. This impment will be added to future versions.
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Fi t gt wwas designed to be flexible enough to use at high and low red$When it is
incorporated into the SN Factory reduction pipeline, it \wé trivial to modify it for the specifics
of low redshift SN Factory data.



Chapter 7

Project Timeline and Management

1. Timeline

The SNfactorybegan in mid-1999 after the highly successful nearby seandhfollow-up
program carried out by the Supernova Cosmology ProjecEspining of 1999. Following several
months of discussions, France joined the projected (wiibiaf agreement reached in Jan 2001)
and planning foSNIFSwas begun. Tentative agreement with University of Hawaiil@use of
the 2.2-m was reached in fall 2000, and was finalized in sun2@@t. Work on exploring how
to establish the necessary telecommunications with Pal@hservatory was begun in summer
2000, and the installation of wireless internet was congpléd summer 2001SNIFSis now in
the construction phase, with completion expected in edd3B2 Full operation of th&Nfactory
will begin a few months thereafter, once the instrument ipd to Hawaii and installed at the
UH 2.2-m. In the meantime, the software pipelines for saagchnd data reduction and analysis
are being written.

The top-level milestones for the project are enumeratedaliiell, while construction
milestones are given in Tabk The project timetable is driven by more than our eagerress t
understand dark energy. First, tB&lfactoryhas a unique window of opportunity to use the UH
2.2-m before it is torn down to make room for a larger telegcgecond, th&Nfactoryneeds to
have results for use by the upcoming ground-based programasfinally, we wanSNfactoryin
time to serve as input into the final mission planningS&NARP
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Table 1:SNfactoryMajor Project Milestones

Date Milestone

Summer 1999 Project inception

Spring 2003 SNfactoryoperations begin
Spring  2006| Discovery stage completed (final refs continye)
Spring 2007 Observing operations completed
Spring  2008| Analysis operations completed

Table 2:SNfactoryProject Construction Milestones

Date Milestone

Summer 2000 SNIFSconceptual design begun

Summer 2001 Agreement for use of UH 2.2-m reached
Summer 2001 Palomar telecommunications established
Fall 2001 | Preliminary search pipeline operational
Summer 2002 Preliminary spectral reduction pipeline operatiopal
Summer 2002 Final search pipeline operational

Fall 2002 | Completion ofSNIFSCCD cameras

Fall 2002 | Completion ofSNIFSoptical fabrication
Winter  2003| SNIFSintegration & test (Lyon)

Winter  2003| Final data reduction pipeline operational
Spring  2003| SNIFSintegration & test (Hawaii)

2. Management

Greg Aldering (LBNL) serves as tH&NfactoryProject Leader. Th&NfactoryExecutive
Committee, comprised of Greg Aldering, Reynald Pain (sppkeson of the French consortium)
and Saul Perlmutter (LBNL), oversees and coordinates teeatheffort. In France, Emmanual
Pecontal serves as tlBNIFSProject Scientist. Jean-Pierre Lemmonier serveSNi$-SProject
Manager and Pierre Antilogus serves as the Computing $stieAt LBNL, Stewart Loken serves
as Supernova Factory Project Manager with responsibditgéhedule and budget. He also serves
as liaison with the LBNL Computing Sciences Directorateskhincludes the NERSC computing
facilities as well as the computer science and softwareneeging programs. There are two
monthly technical meetings, one on instrumentation andoonsoftware. In addition, there is an
annual collaboration meeting and frequent face-to-facetimg of group members as part of other
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conferences and workshops.



Chapter 8

Conclusion

The SNfactorywill revolutionize all phases of experimental work on supmme. The rate of
discovery for Hubble-flow supernovae will exceed the currate by an order of magnitude, the
discovery biases will be lessened (and traceable), andudi@yand quantity of follow-up data
will exceed that of current programs by a large factor. Withrsdata, it is expected that great
strides can be made in improving supernovae as cosmolatjgtahce indicators. In addition,
the SNfactorystudy of the peculiar velocities of supernova host galagiesuld provide strong
dynamical constraints on the value(f;.
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